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Abstract
In the present thesis, the ability of different plant growth promoting
actinomycetes to promote the growth of tomato plants under saline conditions was
examined using phosphorus solubilizing actinomycetes and/or plant growth regulates
producing actinomycetes compared to tomato plants grown in soil not amended with
any actinomycetes isolates. The overall aim of the present project was to determine
whether enhanced phosphorus solubilization, as a result of soil inoculation with
either phosphorus-solubilizing actinomycetes and/or with the production of plant
growth regulators by plant growth promoting actinomycetes or the combination of
both characteristics will results in the promotion of tomato palnt growth.
To achieve this, 62 isolates of Streptomyces spp. obtained from rhizosphere
saline soils in the United Arab Emirates (UAE) were initially tested for their ability
to tolerate high NaCl concentration (25 g L-1). Out of these 62 Streptomyces spp. only
47 were shown to be tolerant to NaCl at the rate of 25 g L-1. All these isolates were
further tested for their abilities to solubilize insoluble forms of phosphorus. Only 25
isolates have been shown to be phosphorus solubilizers. Out of the 25 phosphorus
solubilizing actinomycetes only the strongest 15 isolates were tested for their abilities
to colonize tomato roots in vitro and in the greenhouse and to show strong
rhizosphere competence potential and also to produce auxins (indole-3-acetic acid)
(IAA) and polyamines (putrescine, spermidine and spermine) in their culture filtrates.
In addition, out of the 22 non-phosphorus solubilizing isolates, only 10
isolates produced auxins and polyamines in their culture filtrates. These 10 isolates
were also tested for their abilities to colonize tomato roots and to show rhizosphere
competence potential. Only four isolates were able to colonize tomato roots. The
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three outstanding and most promising rhizosphere competent were identified as
Streptomyces spp. Isolate # 6 (S. rochei) was a phosphorus solubilizing and auxins
and polyamines producing isolate.

Isolate # 33 (S. pactum) was a phosphorus

solubilizing and not auxins and not polyamines producing isolate. Isolate # 49 (S.
noursei) was a non-phosphorus solubilizing and auxins and polyamines producing
isolate. These three outstanding and most promising actinomycetes in the present
study that showed the strongest rhizosphere competence and root colonization
potential were further selected for a greenhouse experiment to study their effects on
tomato growth in saline soils.
The application of isolate # 6 (S. rochei) enhanced the growth and
development of tomato seedlings in the greenhouse experiment compared to other
treatments. In this treatment there were significant (P<0.05) increases in the dry
weight and length of roots and shoots, compared to the tomato plants treated with the
isolate # 33 (S. pactum) or isolate # 49 (S. noursei).
In the present study, tomato plants grown in soils inoculated with isolate # 6
had significantly (P<0.05) higher levels of endogenous plant nutrients in the roots
and shoots than those plants grown in soils inoculated with isolate # 33 or with
isolate # 49 or the control plants grown in soils not amended with any actinomycete
isolates.

Tomato plants in soils inoculated with isolate # 33 had significantly

(P<0.05) higher levels of endogenous plant nutrients in the roots and shoots than
those plants grown in soils inoculated with isolate # 49 or the control plants grown in
soils not amended with any actinomycete isolates.
In the present study, tomato plants grown in soils inoculated with isolate # 6
had significantly (P<0.05) higher levels of endogenous IAA and endogenous
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polyamines than those plants grown in soils inoculated with isolate # 33 or with
isolate # 49 or the control plants grown in soils not amended with any actinomycetes
isolate.

However, tomato plants in soils inoculated with isolate # 49 had

significantly (P<0.05) higher levels of endogenous IAA and polyamines than those
plants grown in soils inoculated with isolate # 33 or the control plants.
These three promising streptomycete actinomycetes is considered to have the
potential to perform as biological inoculant to promote the growth of tomato plants
in nutrient impoverished saline soils in arid coastal areas in the UAE. The present
study is the first to demonstrate the potential of salt tolerant phosphorus solubilizing
and auxins and polyamines producing actinomycetes to promote tomato growth
under greenhouse conditions as all the work done to date (to the best of my
knowledge) have been done using non salt tolerant actinomycetes isolates. It is also
concluded that the application of environmentally-friendly actinomycetes which can
increase the salt tolerance response in crop plants can enhance plant growth and
productivity in saline sandy soil such as those found in the UAE.
Keywords: Rhizosphere soil, phosphrous solubilizing bacteria, plant growth
regulators, auxins, polyamines, crop productivity, rhizsphere competence.
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)Title and Abstract (in Arabic

استخدام البكتيريا المذيبة للفسفور و المفرزة لمنظمات النمو النباتية في تحسين نمو نبات
الطماطم تحت ظروف التربة الملحية القاعدية في دولة االمارات العربية المتحدة
الملخص

تعتبر ملوحة التربة من أهم العوامل التي تؤثر سلبا على اإلنتاج الزراعي في جميع
الدول الزراعية .هناك عدة عوامل قد تؤدي الى زيادة ملوحه األراضي الزراعية وإن هذه
العوامل تكون أكثر في الدول الجافه والحاره من العالم .
في الدراسة الحالية تم اختبار قدرة العديد من البكتيريا الخيطية والمعروفة باسم
مجموعة األكتينومسيتات وذلك لدراسة قدرتهاعلى تحسين انتاج نبات الطماطم في التربة
الرمليه الملحي ة والقاعدية عن طريق تحليل الفسفور الغير مذاب في التربة وعن طريق افراز
هرمونات النمو النباتية مثل األوكسينات والبولي امينات .
في الدراسة الحالية تم عزل عدد  26عزلة من األكتينوميسيتات من التربه الملحي ة والتي
تم الحصول عليها من مزرعتين مختلفتين في مدينة العين في دولة اإلمارات العربية المتحدة .تم
اختبار قدرة هذه العزالت على تحمل ملوحة تصل الى حد  62جرام في اللتر من بيئة النشا
والمخصصة لنمو األكتينوميسيتات  .تم اختيار عدد  74عزلة من أصل  26بناءا على قدرتها
على تحمل الملوحة بتركيز  62جرام في اللتر .ثم اختبار قدرة هذه العزالت على اذابة الفسفور
الحجري والغير مذاب في الماء .تم الحصول فقط على عدد  62عزلة من األكتينوميسيتات
والتي اذابت الفسفور الحجري .ت م اختيار أقوى  52عزلة من األكتينوميسيتات المذيبة والمحللة
للفسفور وتم اختيار  8عزالت والتي اثبتت قدرة تنافسيه عالية في المعيشة حول جذورنبات
الطماطم.
لدراسة تأثير هذه العزالت على نمو نبات الطماطم في البيوت المحمية وتحت ظروف
التربة الملحية تم اختيار عدد ثالث عزالت  :عزله رقم  2والتي تقوم بتحليل الفسفور الحجري
وكذلك تقوم بافراز هرمون ات النمو األوكسينات والبولي امينات  ,عزلة رقم  33والتي تقوم فقط
بتحليل الفسفور الحجري دون افراز هرمونات النمو األوكسينات والبولي امينات وعزلة رقم
 74والتي تقوم بافرازهرمون ات النمو األوكسينات والبولي امينات وعدم قدرتها على تحليل
الفسفور الحجري  .ت م اختبار قدرة هذه الثالث عزالت على زيادة نمو نبات الطماطم في التربة
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الملحية داخل البيوت المحمية .اثبتت الدراسة أن إضافة البكتيريا رقم  2والتي تقوم بإذابة
وتحليل الفسفور باإلضافة الى قدرتها على افراز هرمونات النمو كان أفضل بكثير وبنتائج
معنوية مقارنة بالعزلة رقم  33والتي تقوم فقط بتحليل الفسفور أو العزلة رقم  74والتي تقوم
فقط بإفراز هرمونات النمو النباتية .اثبتت الدراسة أيضا أن البكتيريا رقم  2أدت الى زيادة
كبيرة ومعنوية في المحتوى الداخلي للعناصر الكبرى والصغرى واألوكسينات والبولي امينات
في جذور وسيقان وأوراق نبات الطماطم مقارنه بنباتات الطماطم والتي تم معاملتها فقط
بالعزلة رقم  33على حدة أو العزلة رقم  74على حدة مما يؤكد أهمية استخدام البكتيريا الخيطية
والتي تقوم بعمل تحليل الفسفور باإلضافة الى افراز هرمونات النمو مقارنة باستخدام عزالت
تقوم فقط بافراز الهرمونات النباتية أو التي تقوم فقط بإذابة الفسفور.
في النهاية إ ن استخدام هذه األنواع من األكتينوميسيتات في التربة الملحية سوف يؤدي
الى حل مشكلة التربة الملحية في الدولة حيث أن هذه األكتينوميسيتات تؤدي الى زيادة المحتوى
الداخلي للعناصر الكبرى والصغر ى وكذلك زيادة المحتوى الداخلي لهرمونات النمو النباتية
داخل المجمو ع الجذري والمجموع الخضري لنبات الطماطم مما يؤدي الى زيادة اإلنتاج في
التربة الملحية.
مفاهيم البحث الرئيسية :البكتيريا المذيبة للفسفور ،البكتيريا المفرزة للهرمونات ،التربه
القاعدية ،التربة الملحية ،األكتينوميسيتات ،المعيشة التنافسية حول الجذور.
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Chapter 1: Introduction
1.1 Rhizosphere
Rhizosphere is a zone of soil that is associated with roots hairs, and plantproduced materials (Dessaux et al., 2009). It interacts with the root system making it
rich area with nutrients (Dobbelaere et al., 2003). Plant exudates such as sugars and
amino acids accumulate on it, so it is rich in nutrients that support plant growth. In
rhizosphere, the bacteria that live in it will be provided with a source of nutrients and
energy (Gray and Smith, 2005).
The population of bacteria is about 10 to 100 times greater in the area around
the roots than in the bulk soil (Weller and Thomashow, 1994). There is a wide range
of microorganisms that colonize the rhizosphere area and those are called
rhizobacteria (Schroth and Hancock, 1982). Plant-associated bacteria are of different
types depending on their effect on plant growth. They are either neutral, beneficial,
and deleterious groups (Dobbelaere et al., 2003). The free-living soil bacteria are
called plant growth-promoting rhizobacteria (PGPR) (Kloepper et al., 1989) in which
1 to 2% of these bacteria are able to promote plant growth in the rhizosphere zone
(Antoun and Kloepper, 2001).
The rhizosphere three main components are the rhizoplane, the rhizosphere
(soil), and the root system of the plants. The root surface including soil particles are
called rhizoplane, whereas the rhizosphere is the zone of soil that is affected by the
roots and releasing of substrates that affect microbial activity. Inside the root itself
microorganisms (microbial endophytes) also colonize the root tissues (Barea et al.,
2005).
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Plant roots facilitate water and nutrients uptake for the plant, provide the
mechanical support and also accumulate, synthesize, and secrete different types of
compounds. These compounds act as chemical attractants for a number of soil
microorganisms (Walker et al., 2003).
The roots secret chemicals in the soils called root exudates. The chemical
compounds exudation regulates the structure of soil microbial community in the root
surface through modifying the chemical and physical properties of the soil (Dakora
and Phillips, 2002).
The root exudates produced by the plant roots in the rhizosphere are either act
as attractants to lodge the microbes or repellants against microorganisms.

The

factors that affect exudates composition is the species of plants and microorganisms
and the plant physiological status (Kang et al., 2010). The plant exudates have many
advantages such as promote the plant-beneficial symbiotic interactions and inhibit
the growth of the competing plant species (Nardi et al., 2000). On the other hand,
the quality and quantity of root exudates are affected by the rooting patterns and the
supply of available nutrients to plants through the microbial activity in the
rhizosphere (Nardi et al., 2000).
1.2 Plant growth promoting rhizhobacteria (PGPR)
Plants are constantly involved in interactions with a wide range of bacteria.
These plant-associated bacteria colonize the rhizosphere (rhizobacteria), the
phyllosphere (epiphytes), and the internal plant tissues (endophytes) (Glick et al.,
2007; Dinesh et al., 2015). Plant beneficial soil and rhizosphere bacteria are of two
general types: those that are free-living in the soil; which are often found near the
rhizosphere, or even within the roots of plants as endophytes. In addition, there are
types that form a symbiotic relationship, which involves formation of nodules on
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host plant roots such as root nodule bacteria (Frommel et al., 1991; Lucy et al., 2004;
Glick et al., 2007; Dinesh et al., 2015).
Beneficial free-living soil and rhizosphere bacteria are often referred to as
plant growth-promoting rhizobacteria (PGPR) or plant growth-promoting bacteria
(PGPB) and are found in a close association with the root surfaces of many different
plants (Lucy et al., 2004). However, to be inclusive of the many different types of
bacteria that facilitate plant growth, the term plant PGPB, is preferred (Bashan and
Holguin, 1998). Moreover, while numerous free-living soil bacteria are considered
PGPB, not all bacterial strains of a particular genus and species have identical
metabolic capabilities. For example, some Pseudomonas putida strains may actively
promote plant growth while others have no measurable effect on plants (Glick et al.,
2007; Dinesh et al., 2015).
The use of PGPR for the benefits of agriculture is gaining worldwide
importance and acceptance and appears to be the trend for the future (Pitman and
Lauchli, 2002). PGPR have economic and environmental benefits, which include
high income from high yields, reduced fertilizers cost, reduced emission of the
greenhouse gas, N2O. They affect soil conditions, nutrient availability, tree growth
and yields (Aslantas et al., 2007). PGPR are bioresources which may be viewed as a
novel potential tool for providing substantial benefits to the agriculture (Pitman and
Lauchli, 2002; Dinesh et al., 2015).
PGPR

have

high

diversity,

they

are

environmentally

friendly

microorganisms. PGPR inoculation proven a promising agricultural approach that
helps in soil restoration, crop production, nutrient recycling, growth promotion and
disease control (Laslo et al., 2012). These beneficial, free-living bacteria colonize
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roots, enhance yield, enhance emergence, and stimulate growth (Pitman and Lauchli,
2002).
PGPR migrate from bulk soil to the rhizosphere to colonize it and to colonize
the plant roots. PGPR are called rhizobacteria as they have great symbiotic relation
with the plant (Ma et al., 2011). Different factors affects the PGPR effectiveness
such as climate, weather conditions, soil characteristic or the composition and
activity of microbial flora in the soil (Ahmed et al., 2006). The soil conditions
include temperature, organic matter, pH, nutrients and pollutants level where all
affect the bacterial activity in the rhizosphere (Ma et al., 2011; Dinesh et al., 2015).
PGPR also must be rhizosphere competent so it is able to survive and
colonize in the rhizosphere soil. Beneficial plant microbes and its interactions in the
rhizosphere determine plant health and soil fertility.

They are important for

transformation, mobilization, solubilization and other interactions (Ma et al., 2011).
They are also important for biogeochemical cycles of both inorganic and organic
nutrients in the soil and for its health and quality (Dey et al., 2004; Dinesh et al.,
2015).
PGPR benefits the sustainable agricultural system as it enhances the
biological quality of soils through enhanced microbial and enzymes activity (Dinesh
et al., 2015). It is used in combination with fertilizers and manures to improve crops
yields. It has positive effect on cereals, vegetables, flowers and spices (Dinesh et al.,
2015).
1.2.1 Types of PGPR
PGPR can also be classified into extracellular plant growth promoting
rhizobacteria (ePGPR) and intracellular plant growth promoting rhizobacteria
(iPGPR) (Viveros et al., 2010).
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The ePGPRs may exist in the rhizosphere, on the rhizoplane or in the spaces
between the cells of root cortex while iPGPRs locates generally inside the
specialized nodular structures of root cells or exist in the spaces between the cells of
the root cortex. Either PGPR with the host restricted to the rhizosphere where some
colonize rhizosphere, rhizoplane, the intercellular spaces or the dead root cell layers
or it can be endophytic where some reside in apoplastic spaces inside the host plant
with or without specialized structures (Chauhn et al., 2015).
Some researchers classified PGPR as (biocontrol PGPR) and (PGPR) but this
is difficult to follow with, as there is overlapping features (Chauhn et al., 2015). The
interaction between rhizobia and PGPR either synergistic or antagonistic enhance the
biological nitrogen fixation and crop yield (Dey et al., 2004). Whether root bacteria
as a common inhabitant of both surface and internal tissues of most plants, in both
cases it has diverse effect on health, growth and development (Stefan et al., 2012).
PGPR include multiple genera of soil bacteria. The bacterial genera such as
Azospirillum, Arthrobacter, Pseudomonas, Bacillus, Agrobacterium, Azotobacter,
Burkholderia, Caulobacter, Micrococcous, Chromobacterium, Serratia, Erwinia and
Flavobacterium belongs to ePGPR (Ahemad and Kibret, 2014). The iPGPR belongs
to

the

family

of

Rhizobiaceae

Mesorhizobium and Rhizobium.

includes

Allorhizobium,

Bradyrhizobium,

Frankia and Rhizobium can symbiotically fix

atmospheric nitrogen in symbiotic association with higher plants (Bhattacharyya and
Jha, 2012).
There are different examples of PGPR tested for different plants and crop
types. For example, pea (Pisum sativum) plant inoculated with Rhizobium strain
MRPI in pots, the results showed significant increase in the growth which included
overall development, seed yield and seed protein.

The symbiotic properties of
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nodulation and leghemoglobin content became better. Also for pea the amount of N
and P nutrients in plant organs increased (Ahemad and Khan, 2011).
Wani and Khan (2010) studied the Bacillus species PSB10 isolate in chickpea
(Cicer arietinum). The experiment done in pots in which there was a significant
improvement in growth, chlorophyll content, leghemoglobin and seed yield. Also
Adesemoye et al. (2008) studied tomato (Solanum lycopersicum L.), okra
(Abelmoschus esculentus) and African spinach (Amaranthus) under greenhouse
conditions that was inoculated with Bacillus subtilis and Pseudomonas aeruginosa.
The results showed that there was an increase by 31% in dry biomass for tomato,
36% for okra and 83%for African spinach. Wide range of PGPR participated in
interaction with C3 and C4 plants such as wheat, cotton, maize and rice where they
significantly increased their grain yield and vegetative growth (Kennedy et al.,
2004).
1.2.2 Mechanisms used by PGPR
PGPR can perform their activity on plant growth and development either
indirectly or directly (Glick et al., 2007; Glick, 2012).
1.2.2.1 Direct mechanisms of plant growth promotion
Direct plant growth promotion by PGPR generally provide the plant with a
compound that is synthesized by the bacterium directly or facilitating the uptake of
nutrients from the environment to the plant (Glick, 1995).
Direct promotion of plant growth can occur in several different ways. PGPR
may (1) fix atmospheric nitrogen and make it available to plants (Dobbelaere et al.,
2003); (2) solubilize minerals such as phosphorus which then become more readily
available for plant growth (Rodriguez and Fraga, 1999); (3) synthesize different
phytohormones or plant hormones or plant growth regulators (PGRs) including
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auxins, polyamines, gibberellins and cytokinins, where those hormones can directly
enhance various stages of plant growth (Nassar et al., 2003; Kuklinsky-Sobral et al.,
2004); (4) synthesize and secrete siderophores which can sequester iron and
solubilize it from the soil and provide it to plant cells (Matthijs et al., 2007); (5) by
the synthesis of the enzyme ACCdeaminase that can modulate plant ethylene levels
(Glick, 1995; Glick et al., 2007); and (6) by stimulation of ion uptake or transport
systems in plants (Mantelin and Touraine, 2004).
A particular bacterium may affect plant growth and development using
anyone, or more, of these mechanisms. Moreover, since many PGPR possess several
characters that enable them to facilitate plant growth, a bacterium may utilize
different characters at various times during the life cycle of the plant, and may vary
considerably in its effectiveness depending upon the plant host and the soil
composition (Glick et al., 2007).
Interestingly, PGPR generally have little or no measurable effect on plant
growth when the plants are cultivated in nutrient-rich soil and grown under optimal
conditions in the absence of stress (Glick et al., 2007).
1.2.2.1.1 Nitrogen fixation
Nitrogen (N) is the most vital nutrient for plant growth and development.
Even, there is about 78% N2 in the atmosphere, it is unavailable to the plants in that
form.

The biological N2 fixation is the process by which atmospheric N 2 is

converted to ammonia (NH3) which is the plant-utilizable forms by using a complex
enzyme system known as nitrogenase (Kim and Rees, 1994).

Such process is

performed in diazotrophic microorganisms, mainly bacteria and archaea (Dixon and
Kahn, 2004).

Instead of using nitrogen chemical fertilizers, the biological N2
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fixation by the PGPR represents an economically beneficial and environmentally
great alternative for agriculture (Ladha et al., 1997).
Nitrogen fixing organisms categorized as (a) symbiotic N 2 fixing bacteria
where these forms symbiotic relation with leguminous plants such as Rhizobia which
is one of members of the family rhizobiaceae (Ahemad and Khan, 2012) and nonleguminous trees such as Frankia (b) non-symbiotic which is either free living,
endophytes or associative nitrogen fixing forms such as cyanobacteria (Anabaena
and

Nostoc),

Azotobacter,

Azospirillum,

Diazotrophicus,

Azocarus

and

Gluconoacetobacter (Bhattacharyya and Jha, 2012). In addition, there are nonsymbiotic nitrogen fixing bacteria that provide only a small amount of the fixed
nitrogen (Glick, 2012). Diazotrophs are type of PGPR that are able to fix N 2 in nonleguminous plants, forming a non-obligate interaction with the host plants (Glick et
al., 1999).

Nitrogen (N) is a necessary element for all organisms require to

synthesize biomolecules such as nucleic acids and proteins (Franche et al., 2009).
Nitrogen fixing bacteria associated with rhizosphere have a positive effect on
non-legume crop such as sugarcane, rice, wheat, maize, and sugar beet (Sahin et al.,
2004). Yield increases was observed in experiments done with Bacillus species in
cereals crops. It showed yield increases and growth enhancement for cereal plants
(Cakmakci et al., 2001) and in maize crop (Pal, 1998). As a good example in Brazil
the increase production of soybean (Glycine max L.) by using different strains of
Bradyrhizobium sp. such as B. elkanii and B. japonicum showed the efficiency of
nitrogen fixation mechanism by those beneficial bacteria (Alves et al., 2004; Torres
et al., 2012).
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Azospirillum genus have a great efficiency in promoting the growth of
different plants of agronomical interest as it showed in several studies (Garcia de
Salamone et al., 1996).
1.2.2.1.2 Phosphorus solubilization
1.2.2.1.2.1 Importance of phosphorus
Phosphorous is essential nutrients for plant growth and development where it
is the second most important macronutrient required by plant after nitrogen (Aslantas
et al., 2007).

However, the phosphorus reserve is limited and being depleted

gradually around the world (Pereira and Castro, 2014).
Essential macronutrients have a vital function for plant survival and growth.
It exists in soluble form in the soil. Phosphorous is required for growth, yield,
development and seed formation. Phosphorus is involved in many mechanisms in
plants such as photosynthesis, energy transfer, signal transduction, macromolecular
biosynthesis and respiration (Sashidhar, 2010; Laslo et al., 2012; Kaur and Reddy,
2015). In addition, it is an important nutrient for plants as it participates in the
structural component of nucleic acids, phospholipids.

It also plays a role in

metabolic and biochemical pathways such as biological nitrogen fixation and
photosynthesis as they enter in the formation of adenosine triphosphate (ATP)
(Richardson and Simpson, 2011).
Phosphorus is available in organic and inorganic forms in soils (Khan et al.,
2009). The amount that is in forms available to plants is low even it is found in large
amounts. The availability of phosphorus in soils is in the range of 1 μmol 1 -1 where
plants need approximately 30 μmol 1-1 for their maximum productivity. This is
because the majority of soil phosphorous found is in insoluble forms, that plants
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could not absorb it. The two soluble forms of soil phosphorous are the monobasic
(H2PO4 -) and the diabasic (HPO42-) ions (Bhattacharyya and Jha, 2012).
There are other sources of phosphorus for plant growth as organic substrates.
The insoluble phosphorous forms are existing as an inorganic mineral such as apatite
or as one of different organic forms including inositol phosphate (soil phytate),
phosphotriesters and phosphomonesters (Glick, 2012). Organic phosphorous forms
particularly phytates are predominant in most soils. It forms about 10-50% of total
phosphorous in the soil and it is mineralized by phytases (myo-inositol hexak is
phosphate phosphohydrolases) (Rodríguez et al., 2006; Richardson and Simpson,
2011). In case of soils with high content of organic phosphorous, bacteria with
phytase activity proposed as PGPB have been isolated from rhizosphere to be used
for its treatment.
rhizosphere

The production of phytase has been characterized in other

bacteria,

as

for

example,

Acetobacter

sp.,

Bacillus

sp.,

Cellulosimicrobium sp., Klebsiella terrigena, Paenibacillus sp., Enterobacter sp. and
Pseudomonas sp. (Yoon et al., 1996; Kerovuo et al., 1998; Idriss et al., 2002; Gulati
et al., 2007; Acuña et al., 2011; Jorquera et al., 2011; Kumar et al., 2013; Singh et
al., 2014).
Phosphorus applied in large quantities as chemical fertilizers (Aslantas et al.,
2007). These chemicals have severe environmental effects and they have high cost.
In addition, they affect soil structure, composition, microflora, and other soil
properties (Sashidhar, 2010; Kaur and Reddy, 2015). Phosphatic fertilizers applied
to overcome the phosphorous deficiency in soils but fewer amounts of fertilizers is
absorbed by the plant and the rest is rapidly converted into insoluble complexes in
the soil (Mckenzie and Roberts, 1990).

Applying of phosphate fertilizers is
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environmentally harmful and costly. There is continuous search for an economically
and ecologically good option for improving crop production in low P soils.
More than 2 billion hectares worldwide of agricultural land have been
reduced in its productivity because of phosphorus deficiency (Kaur and Reddy,
2015), so the agronomic treatment, which include phosphorus-solubilizing bacteria,
are important for plant nutrition by increasing phosphorous uptake by the plants.
PGPR reduce the need for chemical fertilizers and decrease adverse environmental
effects (Aslantas et al., 2007; Sashidhar, 2010).
1.2.2.1.2.2 Phosphorus in saline alkaline soil
Most agricultural soils have both organic and inorganic phosphorus in large
quantities, but it is immobilized fast and become unavailable for plants (Kaur and
Reddy, 2015). It is at levels of 1 mg kg-1 or less in soil (Pereirra and Castro, 2014).
There is a high amount of insoluble phosphate in soil as the application of chemical
fertilizers is high. Most soils are deficient in soluble orthophosphates. Phosphorus is
rapidly fixed in the soil to less available forms before the plant could absorb it in
orthophosphate form. Only 10-20% of chemical fertilizers is used by the plants
(Taktek et al., 2015).

Immobilization and precipitation of phosphorus in soils

depend on its pH levels, large portions of phosphorus are bound by calcium and
magnesium in calcareous soils and by aluminum and iron oxides in acidic soil
(Pereirra and Castro, 2014; Liu et al., 2015).

Even in area with high natural

phosphate rocks, which forms available source of phosphate, with the low and high
pH it is not available (Kaur and Reddy, 2015).
The phosphate has high reactivity with other soluble components depending
on soil type (Khan et al., 2009), such as calcium in alkaline soils (pH > 7)
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(McLaughlin et al., 2011) and aluminum in acid soils (pH < 5), this explain why it
have low levels in soils. The form of insoluble mineral complexes are the major
sources of available phosphorous in the soil. They are either organic or inorganic
compounds (Rodríguez et al., 2006; Richardson and Simpson, 2011).
Organic phosphorous make up a large fraction of soluble phosphorous, as it
forms about 50% in soils with high organic matter content (Barber, 1984). About 50
to 80% of the total phosphorous in organic matter formed by organic phosphorous
forms such as phytate and hexaphosphate salt of inositol (Alexander, 1977).
Phytate tends to accumulate in soils of different contents forming insoluble
complex molecules with Fe, Al and Ca. The microorganisms that are able to produce
phytases, hydrolyze phytate, by precious amount as it quickly tends to form those
insoluble complexes again (Alexander, 1977). Phospholipids and nucleic acids are
labile phosphorous forms in soil that is easily available to most of the organisms
present (Molla and Chowdary, 1984). The maintenance of plant-available
phosphorous is very important to avoid phosphorous deficiency and so low plant
yield. This maintenance is a function of the concentration of phosphorous in the
labile pool and how it is released into the soil solution from the solid phase. This
action of phosphorus releasing depends on the phosphorous buffering capacity of the
soil (Holford, 1997).

Phosphorous is released at a faster rate from the labile pool

into the soil solution at lower buffering capacity. There are three soil components
that control the supply of phosphorous from the labile pool in the soil to replenish
crop extraction and so its growth as reported by Holford (1997).

These are

phosphorous buffering capacity of the soil, concentration of phosphorous in the soil
solution and the amount of phosphorous in the main source of it that come in
equilibrium with the soil solution phase.
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The application of phosphate fertilizer is not efficient because of the fixation
of these fertilizers by alkaline soils, which is predominant in many countries
including UAE (Liu et al., 2015).
1.2.2.1.2.3 Phosphorous solubilizing bacteria (PSB)
Microorganisms play a vital role in biogeochemical cycle in soil which will
affect plant growth and so the agricultural production (Krishnaraj, 2014). Microbial
biodiversity plays a significant role in soil for many things such as plant nutrition,
biochemical pathways, antibiotic metabolisms

and

agronomic productivity

(Sashidhar, 2010). This kind of fertilizer help to reconstruct soil structure and so its
productivity (Kaur and Reddy, 2015).
Phosphorus solubilizing microorganisms (PSM) are organisms coupled with
phosphate solubilizing activity that make phosphorous available to plants (Khan et
al., 2006).

Phosphorus solubilizing bacteria (PSB) is promising biofertilizers

inhabiting the rhizosphere that can supply plants with available phosphorous (Zaidi
et al., 2009). PSB also increase the efficiency of biological nitrogen fixation which
is important for plant nitrogen supply. Beside that they stimulate the growth of
plants by enhancing the availability of other trace elements as they synthesize
promoting substances that help in plant growth and development (Ahmad et al.,
2008; Zaidi et al., 2009). About twenty PSB were isolated from different calcareous
rhizosphere soil. Those bacteria were identified using 16SrRNA analysis sequence
such Bacillus megateruin, Bacillus subtilis and others (Liu et al., 2015). Strains of
bacterial genera Rhizobium, Pseudomonas, Bacillus, Agrobacterium, Burkholderia
and Erwinia are among the most powerful phosphorus solubilizers in the soil
(Pereirra and Castro, 2014).
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P availability depend on its solubility in the soil where soil microorganisms
and plant root activity affect it. PSM forming about 1-50% of the total population of
cultivable microorganisms whereas fungi form about 0.1-0.5% in the soil (Chabot et
al., 1993; Khan et al., 2009).

There are different sources of P in the soil (as

previously mentioned), in which the inorganic phosphates solubilization is the main
source as shown in research studies. There are different kinds of inorganic soil
phosphates that solubilize by PSB such as Ca 3(PO4)2, AlPO4 and FePO4. Organic
acids, hydroions and siderophores are produced from this solubilization process
(Jones, 1998; Chen et al., 2006; Rodríguez et al., 2006; Sharma et al., 2013). Some
bacteria only solubilize calcium phosphate, while other microorganisms are capable
of solubilizing other forms of inorganic phosphates at different intensities. Each kind
of bacteria solubilize different form of inorganic phosphate in different intensities.
For example, bacterial isolates from genera Pantoea, Enterobacter and Klebsiella
solubilize Ca3(PO4)2 to a greater extent than AlPO4 and FePO4 (Chung et al., 2005).
Organic acids such as carboxylic and gluconic acids production is one of the
mechanisms utilized by microorganisms to solubilize inorganic phosphates
(Rodriguez and Fraga, 1999). Various plants roots and their rhizosperic soil are a
good source of PSB (Ambrosini et al., 2012; Farina et al., 2012; Costa et al., 2013;
Souza et al., 2013; Granada et al., 2013; Souza et al., 2014).
About 101 isolates belonging to the genera, Cronobacter, Burkholderia,
Cedecea, Pantoea, Enterobacter and Pseudomonas identified where those are able to
solubilize tricalcium phosphate Ca3(PO4)2. Moreover, there are various types of
organic acids such as the lactic, gluconic, citric, propionic acids and succinic
produced by bacterial strains, have been identified.

It is suggested that the
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solubilization of inorganic phosphate in the rhizosphere by rhizobacteria is related to
the acidification in the soil (Qin et al., 2011).
Under phosphorous stress, PSM are very important to the plants. Microbes
have different strategies to make P available to plants (Sashidhar, 2010).

The

inoculation of mineral phosphate solubilizers and other microbial inoculants in these
soils is an important issue to restore the soil health and nutrient balance.
Several environmental factors affects the establishment and performances of
PSB especially under stress conditions (Ahemad and Khan, 2010; Ahemad and
Khan, 2012). PSB are inoculated alone or in combination with other rhizospheric
microbes for the beneficial results (Zaidi and Khan, 2005; Chen et al., 2008;
Poonguzhali et al., 2008; Vikram and Hamzehzarghani, 2008; Ahemad and Khan,
2010; Ahemad and Khan, 2011; Ahemad and Khan, 2012).
There are different PSB that were isolated from the rhizospheric soil and
roots of different plants (Ambrosini et al., 2012; Farina et al., 2012; Costa et al.,
2013; Granada et al., 2013; Souza et al., 2013; Souza et al., 2014). There was about
336 strains associated with rice plants in which 101 isolates were identified by Souza
et al. (2013) belonging to the genera Enterobacter, Cronobacter, Burkholderia,
Cedecea, Pseudomonas and Pantoea.

Those are found to solubilize tricalcium

phosphate Ca3(PO4)2.
Burkholderia strains studied by Ambrosini et al. (2012) as it is associated
with sunflower plants also showed ability for Ca 3(PO4)2 solubilization. Moreover,
soybean plants inoculated with Rhizobium showed enhanced P acquisition
particularly where Ca3(PO4)2 was the primary P source. Also rice plant inoculated
with

phosphate-solubilizing

diazotrophic

endophytes

Burkholderia

and

Herbaspirillum increased nutrient uptake and grain yield in plants cultivated in soil
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with Ca3(PO4)2 and 15N-labeled fertilizer. This suggest that the use and selection of
P-solubilizing diazotrophic bacteria is a very effective strategy for the promotion of
P solubilization (Estrada et al., 2013).
In soils with high content of organic P, bacteria with phytase activity such as
Advenella have been isolated from rhizosphere and proposed as PGPB to be used to
nourish these soils.

These bacterial isolates with positive phytase production

increased the P content and growth of Indian mustard (Brassica juncea) (Singh et al.,
2014).

Also in another study, Kumar et al. (2013) reported phytase-producing

bacteria belonging to genera Bacillus and Tetrathiobacter showed growth promotion
of Indian mustard and significantly increased the P content.
The growth of maize seedlings promoted by the extracellular phytase from B.
amyloliquefaciens FZB45 as studied by Idriss et al. (2002).

There are other

rhizosphere bacteria that produce phytase such as Pseudomonas sp., Bacillus sp.,
Acetobacter sp., Cellulosimicrobium sp., Enterobacter sp., Paenibacillus sp., and
Klebsiella terrigena (Yoon et al., 1996; Kerovuo et al., 1998; Idriss et al., 2002;
Gulati et al., 2007; Acuña et al., 2011; Jorquera et al., 2011; Kumar et al., 2013;
Singh et al., 2014).
Different plants, such as perennial ryegrass (Lolium perenne L.), white clover
(Trifolium repens L.), yellow lupin (Lupinus luteus L.), oat (Avena sativa L.) and
wheat where bacteria with two activities isolated from their rhizospheres showed
effect in their growth. The production of organic acids to solubilize inorganic P and
the production of phytase to mineralize phytate are the mechanisms involved
(Jorquera et al., 2008; Souza et al., 2015).
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Phyllobacterium strain able to solubilize phosphates improves the quality of
strawberries (Flores-felix et al., 2015). Bacillus mucilaginosus in coinoculation with
the phosphate solubilizing Bacillus megaterium promoted the growth of eggplant,
pepper and cucumber (Han et al., 2005; crowley et al., 2006). Combined inoculation
of the PSB Pseudomonas strica and Bacillus polymyxa on field grown sorghum
increased grain and dry matter yields and N and P up take as compared to single
inoculation (Alagawadi and Gaur, 1992).
1.2.2.1.2.4 Mechanism for phosphorus solubilization
PGPR have the ability to solubilize inorganic insoluble phosphates where it
transforms it into bioavailable forms. There are different mechanism(s) used by PSB
to solubilize the insoluble forms of the phosphate into soluble forms that plant can
benefit and this is called nutrient mobilization. They have been reported to enhance
plant growth and so crop yield and productivity (Liu et al., 2015).
Typically, the inorganic phosphorus is solubilized by the action of low
molecular weight organic acids which are synthesized by various soil bacteria (Zaidi
et al., 2009). Also, the mineralization of organic phosphorus occurs through the
synthesis of a variety of different phosphatases and by catalyzing the hydrolysis of
phosphoric esters (Glick, 2012).
Mineral phosphorus solubilization is the process by which PSB convert the
insoluble forms of phosphorus into soluble form so it can be used by the plants. PSB
work with processes of chelation, acidification, ion exchange, and the production of
organic acids such as gluconic, keto-gluconic, lactic acid and citric acid which
increase soil acidity (Pereirra and Castro, 2014; Kaur and Reddy, 2015; Liu et al.,
2015).
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By organic acids, the microorganisms work as good chelators of divalent
Ca2+ cations together with the release of phosphates from insoluble phosphatic
compounds. Soluble complexes with metal ions may also form by organic acids in
association with insoluble ‘P’, thus releasing the phosphate (Illmer and Schinner,
1995). The ways that the PSMs lower the pH of the medium are either by H+
extrusion (Illmer and Schinner, 1995), or by secretion of organic acids such as acetic,
malic, lactic, tartaric, succinic, gluconic, 2-ketogluconic, citric and oxalic acids.
Since 1903, the involvement of microorganisms in solubilization of inorganic
phosphates was known (Kucey et al., 1989). The organic acid secretion and proton
release by the bacteria will release the inorganic phosphate mobilization.
Another mechanism is the mineralization of organic phosphates by the
production of several enzymes such as organic phosphatases and phytases. The soil
bacteria with phytase activity contribute to release the form of organic phosphates.
Therefore, the common mechanisms that facilitate the conversion of insoluble forms
of phosphorous to plant absorbable forms are organic acids production and phosphate
enzymes secretion (Pereirra and Castro, 2014).
The mineralization process of most organic phosphorous compounds is
carried out by means of enzymes like phytase, phosphatase, phosphonoacetate
hydrolase, D-α-glycerophosphatase and C-P lyase (Hayat et al., 2010). Activity of
various phosphatases in the rhizosphere of different plants have been studied such as
in barley, maize, and wheat. It showed that phosphatase activity was considerable in
the inner rhizosphere at neutral and acidic soil pH.

Soil bacteria produce a

significant level of acid phosphatases which includes strains from the genus
Rhizobium, Serratia, Enterobacter Proteus, Citrobacter and Klebsiella as well as
Pseudomonas and Bacillus (Chen et al., 2006).
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The application of such phosphorous biofertlizers in the form of bacteria will
facilitate the availability of accumulated phosphates by solubilization for plant
growth and development (Laslo et al., 2012).
The PSB that can be isolated from rhizosphere soil in a significant proportion
estimated to be around 20 to 40% of the culturable population of soil microorganisms
(Chabot et al. 1993). The rhizosphere PSB that are isolated from different plants are
known to be metabolically more dynamic than those isolated from sources other than
rhizosphere (Krishnorgj, 2014).
As there is need for ecofriendly and sustainable agricultural practices, PGPR
is an important group of microbial inoculants that help in agricultural sustainability
and improve crop productivity. Therefore, combination of chemical fertilizer with
beneficial bacteria is one of the ways to increase agricultural yield without nutrient
loss (Krishnorgj, 2014).
1.2.2.1.3 Production of plant growth regulators (PGRs) or phytohormones
Phytohormones or plant growth regulators are metabolites that stimulate
growth directly such as auxins, cytokinins, gibberellic acid, and break down of plant
produced

stress

ethylene

by

bacterial

production

of

the

enzyme1-

aminocyclopropane-1-carboxylate deaminase (Ahmed et al., 2006; Aslantas et al.,
2007; Kurabachew and Wydra, 2013; Jha and Saraf, 2015)
1.2.2.1.3.1 Auxins
Rhizobacteria can stimulate plant growth through phytohormone production
(Kudoyarova, 2014). A phytohormone such as indole-3-acetic acid (IAA) which is
the most common and most studied auxin have essential role in plant growth and
development in normal and stressed environmental conditions. This is because of the
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relation between molecular control of auxin homeostasis and plant growth in
response to different developmental and environmental stimuli (Liu, 2014).
Auxin word has a Greek origin which means to enlarge or to grow. They are
an important category of plant hormones that regulate many aspects of plant growth
and development throughout the plant cell cycle. Those include cell division, cell
elongation and vascular differentiation.

Also auxin help in root initiation, somatic

embryogenesis, apical dominance, tropistic responses, flowering, fruit ripening,
senescence, parthenocarpy, dormacy and pollen maturation (Pacovsky, 2014).
The effect of IAA producing PGPR have been studied on seed germination of
tomato plant alone or in combinations with others. Treatment with PGPR isolates in
combination showed maximum shoot length, root length, shoot fresh weight, root
fresh weight, fresh plant weight and dry plant weight as compared to control and
other PGPR combinations (Sharma and Rai, 2015).
IAA is an important hormone that help in improving the growth of different
plant organs. Different studies showed that rhizobacteria can produce IAA and so
contribute to the growth of plants. In Iran for example, different rhizobacteria were
isolated from different regions and studied for the assessment of their ability to
produce IAA using the Salkowski method. The best IAA producing (PGPR) was
identified using sequencing of 16S rRNA gene. All rhizobacteria were divided into
four groups based on their genetic differences rather than their capability for
producing IAA. Based on sequencing of 16S rRNA gene, the Pseudomonas defined
as a superior strain for the production of IAA (Galledari, 2015).
Auxin research reaches back more than a hundred years, but still is not fully
clear of how auxin governs such a wide range of responses. Some answers are come
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from the auxin molecule itself. They are naturally found and they play roles in
specific developmental and cellular processes (Sauer, 2013; Liu, 2014).
1.2.2.1.3.2 Cytokinins
Many studies have shown that many soil bacteria particularly PGPR can
produce cytokinins (Williams and Mallorca, 1982; Nieto et al., 1989; Glick, 2012).
For example, some strains of Azotobacter sp., Pantoea agglomerans, Rhizobium sp.,
Rhodospirillum rubrum and others, produced cytokinins in their cell-free medium.
Even though the effect cytokinins on plant growth promotion has been reported
(Atzorn et al., 1988; Yahalom et al., 1990; Glick, 2012).

Some strains of

phytopathogens can also synthesize cytokinins, but PGPB produce lower cytokinin
levels compared to phytopathogens so that the effect of the PGPB on plant growth is
stimulatory while the effect of the cytokinins from pathogens is inhibitory.
Cytokinins are purine derivatives that benefit plants in different ways. Those
ways include promotion and maintainace of plant cell division in cultures, involved
in various differentiation processes such as primary shoot formation, root growth and
callus formation and also used by plants to maintain the pools of stem cells in their
shoot and root meristems (Leibfried et al., 2005).
Cytokinins as a plant hormone interact in the control of many important
growth and developmental processes in plants. This is mainly in root and shoot
development, and apical dominance. There should be a balance between cytokinin
and auxin in vitro organogenesis. Studies showed that high auxin: cytokinin ratio
exposing to callus cultures will results in root formation, whereas shoot development
promoted when these hormones are in low ratio (Jha and Saraf, 2015). Several
experiments have demonstrated the existence of antagonistic, synergistic or additive
interactions between cytokinins and auxins showing a complex signal interactions
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involved in the modulation of shoot and root architecture (Jha and Saraf, 2015).
Bacillus megaterium strains were found to produce cytokinins and promote
cucumber growth (Sokolova et al., 2011).
1.2.2.1.3.3 Gibberellins
Microorganisms that produce gibberellins are not studied very well.

In

leguminous plants symbiotic bacteria existing within nodules in the roots that are
able to fix nitrogen (rhizobia) are able to produce gibberellins, cytokinins and auxins
in very low concentrations during nodule formation and it is high in cell duplication
rate (Atzorn et al., 1988). However, Bacillus licheniformis and Bacillus pumilus are
two species that being documented for the production of gibberellins (Atzorn et al.,
1988).
These bacteria produce large quantities of gibberellins GA1, GA3, GA4 and
GA20 in vitro. Such bacteria isolated from the rhizosphere of A. glutinosa. These
types of hormones considered the largest group of plant regulators. Gibberellins
effect are pronounced because these hormones can be translocated from the roots to
the aerial parts of the plant. This translocation of hormones has notable effects in the
aerial part of plant, so as the bacteria produce auxins that stimulate the root system
and enhancing the nutrient supply to the sink generated in the aerial part. The
physico-chemical methods were used by Atzorn et al. (1988), to report gibberellin
characterization in bacteria who demonstrated the presence of GA1, GA3, GA4 and
GA20 in gnotobiotic cultures of Rhizobium meliloti. Apart from Rhizobium sp. and
Azospirillum sp. gibberellin-like substances production has been claimed in
numerous bacterial genera, although the techniques used (HPLC-UV, bioassays,
TLC) are of poor reliability and/or resolution. GC-MS is one of the unequivocal
physico-chemical methods that used for production of gibberellins which has been
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confirmed in Herbaspirillum, Bacillus sp., Acetobacter, Diazotrophicus, and
Seropedicae.

The general pathway in fungi is similar to that of higher plants,

although the genes and enzymes involved differ between them (Jha and Saraf, 2015).
The growth of red pepper plants was enhanced by treatment with a Bacillus cereus
strain producing gibberellins (Joo et al., 2005).
1.2.2.1.4 Production of siderophores
Siderophores excretion by PGPR work in two different ways either directly
or indirectly.

The direct effect by plant growth stimulatation and improving its

nutrition and the indirect way by inhibiting the establishment of phytopathogens
through the sequestration of Fe3+ from the environment. Unlike microbial pathogens,
plants are not affected by bacterial-mediated Fe depletion and some plants can even
capture and utilize Fe3+ siderophore bacterial complexes (Dimkpa et al., 2009).
Siderophores are small extracellular compounds that form complexes with available
iron since this product have more affinity to iron than chelators produced by the
pathogenic microorganisms in the rhizosphere.

The secreted iron chelating

compounds bind Fe3+ that is taken up by microbial cells through membrane proteins.
Then the bacteria compete with other pathogens, which need iron and inhibit the
precursor growth. So the Fe+3 become unavailable for pathogens (Stefan et al., 2012;
Szentes et al., 2013; Grobelak et al., 2015).
1.2.2.1.5 1-Aminocyclopropane-1-carboxylate (ACC) deaminase
Production

of

PGPR

contain

an

important

enzyme

called

1-

aminocyclopropane-1-carboxylate (ACC) deaminase. This enzyme control ethylene
production by metabolizing 1-aminocyclopropane-1-carboxylicacid which

is

intermediate precursor of ethelyne biosynthesis in higher plants into α-ketobutyrate
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and ammonia (Shaharoona et al., 2007; Jha and saraf, 2015). This bacterial enzyme
is able to cleave ACC irreversibly (Saraf et al., 2010).
So as it sequesters and cleaves plant produced ACC it will lower the level of
ethylene in the plant. Since ethylene is produced during different environmental
stress cases, this will help plant to be more resistant to those stresses and help the
growth and development of plant (Grichko and Glick, 2001; Jha and Saraf, 2015).
Those stresses include exposure to high salt, flooding, drought, exposure to
metals and organic contaminants, phytopathogen infection and insect predation.
When the PGPR that contain enzyme ACC deaminase bound to seed coat or plant
root, it makes the ethylene level at optimum level and so the root and shoot growth
will not be affected (Jha and Saraf, 2015).
Different plants treated with ACC deaminase containing PGPR where
showed a great result. In greenhouse the bacteria lowered ACC in potato, castor
bean, cucumber, tomato, carrot and soybean plant (Wang et al., 2000; Hao et al.,
2011). Rhizobium and Pseudomonas ACC deaminase producing strains improved
the growth physiology and quality of mung beans under salt affected conditions
(Ahmed et al., 2013). Shahroona et al. (2008) reported that two ACC deaminase
containing Pseudomonas strains improved the growth and yield of wheat crops with
varying levels of NPK nutrients.
1.2.2.2 Indirect mechanism of plant growth promotion
Indirect mechanisms of promotion of plant growth by PGPR are those related
to the production of metabolites, such as (1)

production of antifungal and

antibacterial metabolites (El-Tarabily et al., 2010; Grobelak et al., 2015) and
production of extracellular cell-wall degrading enzymes (e.g chitinases, 𝛽-1, 3
glucanases) (El-Tarabily et al., 2010; Kurabachew and Wydra, 2013) which increase
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plant growth by decreasing the activities of pathogenic fungi and bacteria, (2)
siderophores which can sequester iron necessary for the growth of pathogens
(Matthijs et al., 2007), (3) production of ammonia and hydrogen cyanide (KokalisBurelle et al., 2006; Kurabachew and Wydra, 2013; Szentes

et al., 2013), (4)

competition for space and nutrients (Glick, 2012), and (5) induced systematic
resistance (ISR) (Glick, 2012; Laslo et al., 2012; Chauhn et al., 2015).

PGPR are

known to induce resistance against various plant pathogens in different crops ranging
from cereals, pulses, ornamentals, vegetables, plantation crops, spices and some trees
(Bin et al., 2000; Dey et al., 2004).
1.2.2.2.1 Production of antibiotics and lytic enzymes
Bacteria have the ability to prevent the proliferation of plant pathogens,
generally fungi by synthesis of a range of different antibiotics (Whipps, 2001;
Compant et al., 2005).

Many of these antibiotics together have been studied in

details, and some of biocontrol strains have been commercialized. One problem is
that the increased use of these strains of antibiotic-producing bacteria as biocontrol
agents is that some phytopathogens may develop resistance to specicfic antibitoics.
That is why researchers using biocontrol strains that synthesize hydrogen cyanide
together with one or more antibiotics. Because hydrogen cyanide it appears to act
synergistically with bacterially encoded antibiotics.

Other biocontrol bacteria

produce enzymes including cellulases, chitinases, proteases, 𝛽-1, 3 glucanases, and
lipases. Those enzymes have the ability to lyse a portion of the cell walls of many
pathogenic fungi.

PGPB that synthesize one or more of these enzymes have been

found to have biocontrol activity against wide range of pathogenic fungi including
Sclerotium rolfsi, Fusarium oxysporum, Botrytis cinerea, Phytophthora sp., Pythium
ultimum and Rhizoctonia solani (Singh et al., 1999; Frankowski et al., 2001). Some
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PGPR synthesize antibiotic substances that inhibit the growth of some plants
pathogens (Honma and Shimomura, 1978). For example, Pseudomonas sp. produces
antibiotics that inhibit Gaeumannomyces graminis var. tritici, the causal agent of
take all disease of wheat (Mazzola et al., 1995).

In addition, most Bacillus sp.

produce antibiotics where those are active against both Gram-positive and Gramnegative bacteria, as well as many pathogenic fungi (Maksimov et al., 2011).

As

specific example B. cereus, UW85 contributes to the biocontrol of alfalfa dampingoff (Silo-Suh et al., 1994).

Importantly, cyanogenic compounds are nitrogen-

containing compounds that have been shown to repel leaf-chewing herbivores (Jones,
1998).
Researchers demonstrated the treatment of plants with the leaf bacterium
Sphingomonas sp. prevented the bacterial pathogen Pseudomonas syringae that
affect tomato from causing pathogenic sympotoms (Innerebner et al., 2011). For
pepper plants studied in gnotobiotic conditions grown with Paenibacillus polymyxa.
The results showed increase in the total biomass and increase in systematic resistance
against bacterial spot pathogen Xanthomonas axonopodis pv.vesicatoria (Phi et al.,
2010).
1.2.2.2.2 Production of siderophores
In some bacterial strains, the siderophores act as biocontrol agents.
Therefore, siderophores from PGPB can prevent some phytopathogens from
acquiring a sufficient amount of iron thereby limiting their ability to proliferate
(Kloepper et al., 1980; Dowling et al., 1996). Biocontrol PGPB is effective more
than do fungal pathogens in producing siderophores that have a much greater affinity
for iron (Schippers et al., 1987).
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1.2.2.2.3 Production of HCN and ammonia
Hydrogen cyanide is a secondary metabolite that is formed during the early
growth stages of plant. It does not involve in growth, metabolism or energy storage
(Vining, 1990).

About (88.89%) of Pseudomonas as a PGPR produced HCN

(Ahmad et al., 2008). It is considered as phytotoxic agent that inhibit enzymes
involved in major metabolic processes and is considered one of the typical features
of deleterious rhizobacterial isolates (Bakker and Schippers, 1987). HCN produced
by PGPR have been used before in the biological control of weeds (Kremer and
Souissi, 2001; Devi et al., 2007).
1.2.2.2.4 Competition for space and nutrients
It is difficult to demonstrate directly or indirectly that competition between
pathogens and non pathogens can limit disease incidence and severity. This is such
as, non pathogenic soil microbes colonize plant surfaces rapidly and use most of the
available nutrients, making it difficult for pathogens to grow (Glick, 2012).
1.2.2.2.5 Induced systematic resistance (ISR)
PGPB can trigger a phenomenon known as induced systemic resistance in
plants (ISR) (Glick, 2012).

This phenomenon is phenotypically similar to the

systemic acquired resistance (SAR) which occurred when plants activate their
defense mechanisms in response to infection by pathogenic agents (Pieterse et al.,
2009). The plants that are ISR-positive react faster and more strongly to pathogen
attack by inducing defense mechanisms. ISR are effective at controlling diseases
caused by different pathogens and they are not targeting specific pathogens (Glick,
2012).
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1.3 Application of PGPR in the field of agriculture
The use of PGPR for sustainable agriculture has increased tremendously in
various parts of the world. Significant increases in growth and yield of agronomical
important crops in response to inoculation with PGPR have been repeatedly reported
(Bin et al., 2000; Aloni et al., 2006; Canbolat et al., 2006). Studies have also shown
that the growth-promoting ability of some bacteria may be highly specific to certain
plant species, cultivar and genotype (Gupta et al., 2000; Lucy et al., 2004).
A number of bacterial species belonging to genera Azospirillum, Alcaligenes,
Arthrobacter, Acinetobacter, Bacillus, Burkholderia, Enterobacter, Erwinia,
Flavobacterium, Pseudomonas, Rhizobium and Serratia are associated with the plant
rhizosphere and are able to exert a beneficial effect on plant growth (Shahzad et al.,
2008).
The use of bio-fertilizer and bioenhancer such as N2 fixing bacteria and
beneficial microorganism

can

reduce chemical fertilizer applications

and

consequently lower production cost. Utilization of PGPR in order to increase the
productivity may be a viable alternative to organic fertilizers, which also helps in
reducing the pollution and preserving the environment in the spirit of an ecological
agriculture (Bin et al., 2000).
Thus, rhizospheric bacteria can be a promising source for plant growth
promoting agent in agriculture (Shrivastava and Kumar, 2014) and are commonly
used as inoculants for improving the growth and yield of agricultural crops. PGPR
or combinations of PGPR and mycorrhizal fungi can improve the nutrient use
efficiency of fertilizers and allow reduced application rates of chemical fertilizers
(Bin et al., 2000).
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The successful microbial inoculation depends on different factors such as its
survival in soil, compatibility with the crops, interactions with other flora and other
environmental factors (Chauhn et al., 2015). The efficient commercial application of
PGPR depends on: determination of most important traits for PGPR selection, safety
issues of the environment, advantage and disadvantage of using rhizospheric
endophytic bacteria, development of more efficient ways for application, and more
effective ways for better interactions between PGPR and soil fungi and host (Chauhn
et al., 2015). The perfect PGPR possess high rhizosphere competence, enhanced
plant growth capability, ease of mass multiplication, broad spectrum of action,
reliable biological control activity, safe for environment, suitable with other
rhizobactria, its tolerance to desiccation, heat, oxidizing agents and UV radiation
(Chauhn et al., 2015).
PGPR have been used to produce marketable biofertilizers. PGPR that reach
commercial

success

are

Azospirillium,

Azobactor,

Bacillus,

Burkholderia,

Pseudomonas, Rhizobium and Serratia (Chauhn et al., 2015).
Most commercially developed biofertilizers belongs to Bacillus spp. They
form endospores that help during formulation and storage of products for population
stability. Strains of B. subtilis are most widely used because of their ability to reduce
disease and produce antibiotics (Kokalis-Burelle et al., 2006).
1.4 Root colonization by PGPR
The rhizosphere supports different activities of microbial communities
including microorganisms capable to promote plant growth (Vacheron et al., 2013),
where there is an interaction between them and the biotic environment, the root
system and its rhizosphere.
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The microbial community associated to plant roots is called the rhizomicrobiome (Chaparro et al., 2013), where it is different from the microbial
community of the surrounding soil (Raynaud et al., 2008; Bulgarelli et al., 2013;
Chaparro et al., 2013). The root exudate composition changes along the root system,
depending on stages of plant development and to plant genotypes (Bouffaud et al.,
2012; Bulgarelli et al., 2013; Chaparro et al., 2013).
There are different organic nutrients exude by plant roots such as organic
acids, phytosiderophores, vitamins, nucleosides, sugars, amino acids and mucilage.
There are also signals that attract microbial populations, especially microbes that
able to metabolize plant-exuded compounds and proliferate in this microbial habitat
(Shukla et al., 2011; Drogue et al., 2013).
Some soil bacteria able to colonize the surface of the root system (and
sometimes root inner tissues). Endophytic and associative PGPR respond to plant
exudates through the expression of several genes such as those of biofilm formation.
In addition, cell-cell communication via quorum sensing regulates root colonization
and biocontrol (Danhorn and Fuqua, 2007).

They employ these signaling

mechanisms to coordinate interactions with plant.
Colonization of plant host roots by PGPR is heterogeneous along the root
system; and depend on their competitiveness (Dutta and Podile, 2010; Drogue et al.,
2012). Root system in plant is important to explore soil and find nutrients to sustain
growth (Scheres et al., 2002). Root functional specificity is also reflected at the level
of plant-microbe interactions. In Fabaceae for example, the rhizobial colonization
process leading to the formation of a root nodule (Desbrosses and Stougaard, 2011),
whereas in Poaceae, root hairs and lateral roots are preferentially colonized by PGPR
(Pothier et al., 2007; Combes-Meynet et al., 2011). PGPR modify root system
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architecture and the structure of root tissues through their ability to interfere with the
plant hormonal balance (Vacheron et al., 2013).
The ability of PGPR to colonize roots varies due to rhizosphere competence
where they change from free living to root associated lifestyles. Their ability so
depends on survival, growth and their function in soil (Cornforth and Foster, 2013).
Moreover, microbial competition was associated with the efficiency of root
colonization of PGPR where the exudates attract different microbial population.
Microbial activities and competition include growth, attachment, motility, secondary
metabolite production, stress resistance and quorum sensing (Rodriguez-Navarro et
al., 2007; Miller et al., 2010; Ramachandran et al., 2011).
1.5 Soil salinity
Agricultural productivity worldwide is subject to environmental constrains,
practically to drought and salinity due to their high magnitude of impact and wide
distribution (Bartels et al., 2005). Saline soils are one of the important soil resource
in the world. The coastal saline soils are effected by salinization. It have high
electrical conductivity, high SAR (sodium adsorption rate of saturated paste extract)
and chlorine content is also high. Salinity is a persistent problem in the area and it
will expand more in the future (Xiaobin et al., 2015).
According to United Nations environment program, approximately about
20% of agricultural land and 50% of crop land in the world is salt stressed. The area
of agriculture is reduced about 1-2% every year especially in arid and semiarid
region because of soil salinization (Shrivastava et al., 2002; Paul et al., 2014).
Salinization occurs usually because of the methods and agricultural practices,
mainly to irrigation, or because of changes in the long term in the flow of water
(Pitman and Lauchli, 2002).
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1.5.1 Types of soils effected by salt
There are three types of affected soil salinity namely (i) salts (saline soils),
(ii) excess exchangeable sodium (sodic soils) and both (iii) an excess of salts and
exchangeable sodium (saline-sodic soils). (Table 1).
Table 1.1: Classification of salt-affected soils as described by Brady, 2002
Salt-affected Soil
Classification

Electrical
Conductivity1
(dS m-1)

Soil pH

Sodium
Soil
Adsorption Physical
Ratio2
Condition

( salts) (Saline soils)
Saline-sodic soils(excesss
salts and excesss
exchangeable sodium)
Sodic soils
(excesss exchangeable
sodium)

> 4.0
> 4.0

< 8.5
< 8.5

< 13
> 13

Normal
Normal

< 4.0

> 8.5

> 13

Poor

Saline soil have high electrical conductivity and the exchangeable sodium is
about 15% (Shrivastava, 2015).
1.5.2 Soil salinity in UAE
Soil salinity is increasingly important in arid and semi-arid areas (Bencherif
et al., 2015).
In arid and semiarid regions when NaCl is predominant salt, the problem in
agriculture is persistent and damaging. There is a decrease in crop yield, irreversible
soil degradation and desertification (Cobot et al., 2014).
In UAE, soils are saline with low agricultural potential. It is hot and dry
regions where crops are grown under irrigation which make things worse as
salinization increase (Wiede, 2005). UAE is one of the irrigated land worldwide that
is affected by inadequate irrigation (Ksiksi et al., 2012). Irrigated agriculture is a

33

major activity that lead to increase soil salinization of land and water especially in
arid and semiarid conditions. Low precipitation, irrigation, fertilizers, salts ions and
increased accumulation of salts results in plant suppression.

As the soils contain

water soluble salts, high percentage of it will affect plant (Sharma et al., 2013).
Since UAE is characterized by desert climate with high temperatures and lack
of rain, there are challenges in economic development, and urbanization, which led
to increased exploitation of natural resources. In addition to that, climatic conditions
caused strong pressure on natural ecosystems, where those harsh conditions lead to
big losses in the crop sector and vegetation.

All these factors will affect soil

productivity in many ways such as lack of organic matter in the soil, and increase in
soil salinity, which is worse in desert climate in dry areas and that lead to the
deterioration of agricultural crops (Ksiksi et al., 2012).
The majority of the UAE soil is sandy soil, composed of sand 85%. It is low
in organic materials, which is ranging from 0.1-0.2%. UAE soil is very poor in the
key elements that are important for plant growth: nitrogen (N) ranging from 5-10
ppm, phosphorus is 1-5 ppm, and potassium range between 100-14 ppm while the
micronutrients are very low in terms of concentration.

Calcium carbonate in such

soils is ranging from 20-40% (Khan, 2003).
Salinity varies due to the variation in ground water sources. Groundwater
wells in the UAE being the main source of irrigation water. Salinity in the soil varies
with the places and salinity percentage. It increases near the sea and the desert and
decreases in fare places. Salinity problems increased by the frequent cultivation in
farms and the use of high-salinity water as irrigation water, in addition to the hot
climate and water drainage that leads to the compilation of salts in the soil (Khan,
2003).
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It is essential to generate the scientific guideline of salinity to create
development process to reduce the amount of salinity, and to restore and improve
soil quality, so improve agricultural productivity (Khan, 2003).
1.5.3 Impact of salinity on plants
Agricultural crops respond under pressure of salt. Salinity reduces not only
agricultural production for most crops, but also affects soil physical properties, and
ecological balance in the region. The main impact of salinity in general, includes
low agricultural productivity, low economic returns and soil erosions (Jintao and
Schmidhalter, 2002).

Salinity effects include complex interactions between

morphological, physiological, and biochemical processes for the plant.

Those

include seed germination, plant growth, water, and nutrient uptake (Singh and
Chatrath, 2001; Akbari et al., 2011). In addition, salinity imposes nutrient deficiency
and oxidative stress in plant and this limit water uptake from soil. Nutreints such as
phosphrous will be significantly reduced in saline soils as it precipitates with Ca ions
and its uptake by the plant reduced (Bannu and Fatima, 2009; Shrivastava, 2014).
The direct effect of salts on plant growth may be divided into three broad
categories: (1) a reduction in the osmotic potential of the soil solution that reduces
plant available water, (2) a deterioration in the physical structure of the soil such that
water permeability and soil aeration are diminished, and (3) increase in the
concentration of certain ions that have an inhibitory effect on plant metabolism
(specific in toxicity and mineral nutrient deficiencies). The relative contribution of
osmotic effects and specific in toxicities on yield is difficult to quantify (Yadav et
al., 2011).
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The three major constrains are water deficiency, ion toxicity and ion
imbalance. If the water is not available, there is decrease in the osmotic potential,
which affect many sensitive species (Cobat et al., 2014).
Salinity affects plant performance by inducing osmotic stress, (depresses soil
water potential by increasing salt concentration) where osmotic stress of water
uptake interferes with other nutrients uptake (Xiaobin et al., 2015).
As there is a rapid decrease in water availability at longer salt exposure, a
slower ionic phase builds up as Na+/Cl- accumulates in the plant tissue leading to ion
toxicity and ion imbalance. The high Na+ ions is toxic and its uptake has to be
restricted in tolerant plants (Cobat, 2014). The decrease in soil water potential
results in reduced uptake of water by plants, which induces a reduction in the life
span of plants (Mohammed et al., 2015). The plant growth is significantly affected
because of sodium or chloride toxicity competition for other cations uptake (Xiaobin
et al., 2015).
Certain ions, such as chlorine, sodium, boron, may have a toxic effect on
plant roots and perhaps stops their growth.

Sodium accumulation can lead to

dehydration, low swelling and cell death. The integrity of the cell membrane to
sodium will be high and then water absorption of nutrients could be adversely
affected. Sodium can also reduce the protein synthesis and alter hormonal activity
(Bauder and Brock, 2001). Plants sensitive to these elements may be affected even
they are in relatively low concentrations of salts. Because many of the salts are also
plant nutrients, if some salts are also increased in the soil those can upset the balance
in the plant or interfere with the absorption of some nutrients from the soil (Patel et
al., 2011). Salinity also affects photosynthesis mainly through reduced leaf area,
chlorophyll content and the disposal of the gaps (Netondo et al., 2004).
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The negative effects on plant growth effects are due to the possibility of low
osmotic of the soil solution (osmosis), and the effects of specific ion (salt stress),
nutritional imbalances, or a combination of these factors (Ashraf, 2004). All of these
factors results in negative effects on plant growth and development on the
physiological, biochemical and at the molecular level (Mons and James, 2003; Paul,
2012). Over all salinity, negatively affect all the development stages of plant such as
germination, vegetative growth, and reproductive development and induces
premature leaf senescence’s (Shrivastava, 2014).
1.5.3.1 Examples of PGPR effect on soil salinity stressed plant
PGPR has been well proved that its work well in stressed soil like salinity
stressed one.

For example, tomato plants inoculated with P. flurescens, P.

aeruginosa and P. stutzeri (Tank and Saraf, 2010), and with Achromobacter
piechaudii (Mayak et al., 2004) helped the plant to improve its growth and
performance. In addition, Kohler et al. (2009) observed lettuce plant inoculated with
PGPRs that it is more hydrated than control plants under saline condition
(Saravanakumar and Samiyappan, 2007).
Various crops such as horticultural crops (tomatoes and potatoes), cereals
(maize and rice) and forages (clover) are very sensitive to high salt concentrations
either found naturally in the water or come from irrigation. The dry weight of
different organ of tomato reduced as the NaCl level increase in root medium as
studied by El-Fouly et al. (2001).
The root rot of tomato and cucumber caused by F. solani in salinized soil
have been suppressed when plants were treated by the salt tolerant P. chlororaphis
strain.

37

Sadeghi et al. (2012) demonstrated that the wheat increased in its growth and
development and produce IAA and auxin as treated with Streptomyces isolate in the
presence of salts. In addition, the cytokinin producing PGPR, B. subtilis stimulated
the biomass increase of lettuce plant grown in dry soil (Arkhipova et al., 2007). In
high salinity stress, inoculations of wheat seedlings with bacteria that produce
exopolysaccharates (EPS) affected the restriction of sodium uptake and stimulation
of plant growth (Arkhipova et al., 2007).
The ACC deaminase containing rhizobacteria showed a great effect in
enhancing the growth of rice, tomato and other crops under salt stress conditions as
proved by Mayak et al. (2004) and Bal et al., (2013).
The inoculation of peanuts plants cultivated under salt stress conditions with
rhizobial strains showed a great efficiency to application of N fertilization in the
same crop (Egamberdiyeva et al., 2007).
1.6 Taxonomy of actinomycetes
Actinomycetes are defined as filamentous Gram-positive bacteria that have a
complex life cycle belonging to the phylum Actinobacteria, which represents one of
the largest taxonomic units among the 18 major lineages currently recognized within
the Domain Bacteria (Ventura et al., 2007). They are distributed in both terrestrial
habitats mainly in soil and aquatic ecosystems.

They play an essential role in

biomaterials recycling by decomposing complex mixtures of polymers in dead
plants, animals and fungal materials (Sharma, 2014).
The actinomycetes are a large group of aerobic bacteria that form branching
filaments or hyphae and asexual spores. They resemble fungi in overall morphology
(Kalakoutswl and Agre, 1973). The actinomycetes branch forming a network of
hyphae when grown on an agar-surface growing both on the surface and on under-
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surface of the agar. The hyphae on-the surface are called aerial hyphae and the
hyphae under-surface are called substrate hyphae (Sharma, 2014).
They are also important as they help in forming humus by recycling of
nutrients associated with polymers such as keratin, chitin, ligno celluloses and starch
and in soil biodegradation (McCarthy and Williams, 1992, Stach and Bull, 2005).
They are well known saprophytic bacteria that decompose organic matter specially
polymers, such processes produce volatile substances like geosmin that is responsible
for the smell of wet earth odor (Wilkins, 1996) and exhibit diverse physiological and
metabolic properties, for example the manufacture of extracellular enzymes
(McCarthy and Williams, 1992; Schrempf, 2001).
Actinomycetes produce about 45% of all bioactive microbial secondary
metabolites where several members of them are potent antibiotics producers (Berdy,
2005). Among actinomycetes Streptomyces, species produced approximately 7,600
compounds (Berdy, 2005).

In pharmaceutical industry, Streptomyces spp. have

become the primary antibiotic-producing organisms (Berdy, 2005).
Beside it is forming a potential sources of novel metabolites it also produces
enzymes, therapeutic compounds, and other chemicals.

The applications of

halophilic actinomycetes in medicine and industry are gaining great attention by the
scientific community.

A large number of halophilic actinomycetes have been

isolated and characterized from different regions around the world. Halophilic
actinomycetes help in stress response by metabolites and enzymes production
(Balachandran et al., 2015).
Actinomycetes are the most valuable microorganisms for the production and
synthesis of economically important antibiotics. Their production form more than
50% of discovered bioactive compounds, including antibiotics, enzymes, antitumor
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agents and immune suppressive agents (Balachandran et al., 2015).

Halophilic

actinomycetes are found mostly in regions with increased levels of pH, low oxygen
and high salt deposited areas. They have a great application in the biotechnological
and medical fields (Gorajana et al., 2007).
The agroindustry showed a marked interest for actinmomycetes as a source
of agroactive compounds of PGPR and abiocontrol tools (Doumbou et al., 2002).
Most actinomycetes are nonmotile. When motility is present, it is confined to
flagellated spores. Actinomycetes are frequently filamentous and sporulating with
DNA rich in G+C from 55-75%. Most of the actinomycetes are unparalleled sources
of bioactive metabolites including plant growth factors (Rakshanya et al., 2011;
Ashokvardhan and Satyaprasad, 2016).
Actinomycetes produced antibiotics such as streptomycin, erythromycin,
rifamycin and gentamicin (Jeffrey, 2008).

They form important sources of

antibiotics against many organisms (bacteria, fungi and parasites) (Ashokvardhan
and Satyaprasad, 2016).
Almost 80% of the world’s antibiotics are known to come from
actinomycetes, mostly from the genera Streptomyces and Micromonospora. Among
the actinomycetes, occurring Streptomyces sp. has been recognized as major
producer of bioactive metabolites. Streptomyces are soil-dwelling filamentous
bacteria that produce of a wide range of antimicrobial agents.
1.6.1 Actinomycetes as a source of agroactive compounds
Actinomycetes considered the most fruitful source of microorganisms for all
types of bioactive metabolites, including agroactive type. Between 1988-1992 over
1087 bioactive metabolites were discovered from actinomycetes.

Genus

Streptomyces produced most of the agroactive compounds of secondary metabolites

40

where about 60% of the new insecticides and herbicides originate from this genus
(Tanaka and Omura, 1993). Alot of streptomycete species are capable of antibiotic
production (Alexander, 1977).
Different antibiotics produced by actinomycetes with diverse chemical
structures such as polyketides peptides and B-lactams plus secondary metabolites
that have antifungal, anti-tumor and immunosuppressive activities (Behal, 2000).
1.6.2 Actinomycetes as PGPR
Actinomycetes form a new technology to develop plant growth promoting
products and commercial biocontrol. There is a specific interaction between PGPR
species and their plant symbionts within a crop or cultivar (Chanway et al., 1988;
Glick, 1995; Kloepper, 1996; Lazarovits and Nowak, 1997). Actinomycetes effect
on plant growth depend on the crop type itself (Gardner et al., 1984; O’Neill et al.,
1992). Actinomycetes seems to be excellent in improving agriculture by the use of
biocontrol-PGPR. Understanding PGPR systems is necessary for plant growth
improvement as a first logical step in opening the way to improve these bacterial
strains by genetic engineering, and increase their use as a biocontrol and plant
growth promotion.
Actinomycetes are among the most promising biocontrol-PGPR, which need
to be studied in future research. Streptomyces have a well-documented history in
biocontrol and enhancement of plant growth (Aldesuquy et al., 1998). Streptomyces
species have a potential as PGPR. Streptomycetes are effective colonizers of plant
root systems and generally accounting for an abundant percentage of the soil
microflora (Alexander, 1977).
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Merriman et al. (1974) reported the use of a Streptomyces griseus as a seed
treatment for different crops such as of oat, wheat, barley, and carrot, in order to
increase their growth.
The average grain yield, tiller number, dry foliage weight and advanced head
emergence increased with Streptomyces griseus for both oat and wheat over controls
where the differences were not statistically significant. As a carrot seed treated with
the isolate, it was more successful. The yields were increased over controls by 17%
and 15% in two different field trials. In both fields, there was an increased yield of
large and very large grade carrots over controls (Merriman et al., 1974). After 20
years later, El-Abyad et al. (1993) showed that use of three Streptomyces sp.,
S.canescens, S.citreofluorescens in the control of bacterial, Fusarium and
Verticillium wilts, early blight, and bacterial canker of tomato. All three of the
strains were effective at variable levels at seed coating in controlling the test
pathogens. In addition, Streptomyces sp. used as seed-coating affected tomato
growth and was observed to be significantly improved (El-Abyad et al., 1993).
Later, different Streptomyces sp. (S. olivaceoviridis) (Doumbou et al., 2002)
culture filtrates were found to significantly increase the shoot length and shoot fresh
mass, respectively, of wheat plants. Both species produced substantial amounts of
growth-regulating substances such as auxins, gibberellins, and cytokinins
(Aldesuquy et al., 1998). Therefore, those Streptomyces sp. produce at least one
class of compounds that directly influence plant growth.
Arzent™ is a commercial biocontrol product that composed of a mixture of
four separate, compatible strains of S. hygroscopicus (Doumbou et al., 2002). This
product was tested for its ability to promote radish growth in the greenhouse (Hamby
and Crawford, 2000). It showed that radish wet weight was found to be 12% greater
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with Arzent™ treated radishes as compared to sterile talc carrier treatment, and 13%
greater than the untreated controls (Doumbou et al., 2002).
In addition, it showed about 18% increase in the wet weight of carrot seeds
than those with sterile talc carrier treatments, and 19% greater than untreated
controls. These results suggest the ability of Streptomyces to promote plant growth,
independent of its characteristic as pathogen antagonist (Doumbou et al., 2002).
The actinomycetes interactions can be either direct or indirect with each other
and other non pathogenic soil microorganisms influence plant growth. For example,
Ames (1989), Tylka et al. (1991), Becker et al. (1999), Abdel-Fattah and
Mohamedin (2000) reported that actinomycetes have a great influence in mycorrhizal
formation and its intensity and that resulted in improved plant growth.
Like most PGPR, it seems that streptomycetes actinomycetes are capable of
directly enhancing plant growth.

Aldesuquy et al. (1998) studied the effect of

streptomycete culture filtrates on the growth of wheat plants. Shoot fresh mass, dry
mass, length, and diameter all displayed statistically significant increases with certain
strains at varying sample times. S. olivaceoviridis had a pronounced effect on yield
components (spikelet number, spike length, and fresh and dry mass of the developing
grain) of wheat plants. The culture filtrates of all three strains appear to enhance the
growth and crop yield of wheat plants (Aldesuquy et al., 1998). This activity was due
to, at least in part, an increase in bioavailable phytohormones that are produced by
PGPR. PGPR strains (Streptomyces rimosus, Streptomyces rochei, and Streptomyces
olivaceoviridis) produced substantial amounts of exogenous auxins (IAA), as well as
gibberellins and cytokinins (Aldesuquy et al., 1998).
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1.7 Aims of the thesis
There is no available information in the literature on the application of
beneficial phosphate-solubilizing bacteria and plant growth-regulators-producing
bacteria from calcareous saline soils in the UAE, which will improve the
physicochemical properties of UAE soils and enhance the growth and yield of plants.
The objectives of the current study were to:
(1) To evaluate the efficiency of actinomycetes isolated from UAE
calcareous saline soils in solubilizing insoluble form of phosphorus.
(2) To examine the rhizosphere competence and root colonization abilities of
phosphorus solubilizing actinomycetes.
(3) To examine the ability of the selected actinomycetes for their ability to
produce plant growth-regulators.
(4) Determine the potential of selected isolate which only solubilize
phosphorus to improve macro and micronutrient uptake, levels of endogenous plant
growth regulators and to enhance the growth and yield of tomato grown in calcareous
saline soil under greenhouse conditions.
(5) Determine the potential of selected isolate which only produce plant
growth regulators to improve macro and micronutrient availability, levels of
endogenous plant growth regulators and to enhance the growth and yield of tomato
grown in calcareous saline soil under greenhouse conditions.
(6) Determine the potential of selected isolate with an ability to produce plant
growth regulators and at the same time able to solubilize phosphrous to improve
macro and micronutrient availability, levels of endogenous plant growth regulators
and to enhance the growth and yield of tomato grown in calcareous saline soil under
greenhouse conditions.
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(7) The overall aim was to examine if a microbe with phosphorus solubilizing
ability and in the same time is able to produce plant growth regulators will show a
synergistic stimulatory effect on tomato growth and development compared to a
microbe with phosphorus solubilizing ability alone or a microbe which can only
produce plant growth regulators only.
The overall aim of the present thesis was to determine whether enhanced
phosphorus solubilization, because of soil inoculation with PGPR and the production
of plant growth regulators by PGPR individually or in combination will results in the
improvement of soil fertility and the promotion of plant growth under saline
calcareous soil in the UAE.
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Chapter 2: Materials and Methods
2.1 Materials
2.1.1 Media
The following media were used in the present study. The composition of the
media are listed in appendix 1.
1- Inorganic salt-starch broth (starch nitrate agar) (SNA) (Küster, 1959).
2- Oat-meal yeast extract agar (OMYEA) (Küster, 1959).
3- Colloidal chitin agar (Gupta et al., 1995).
4- Hussein's fish-meal extract agar (HFMEA) (El-Tarabily et al., 1997).
5- Water agar.
6- Glucose peptone broth (GPB) (di Menna, 1957).
7- Moeller’s decarboxylase agar medium (MDAM) (Arena and Manca de Nadra,
2001).
8- Potato dextrose yeast-extract agar (PDYA pH 7.0) (Katznelson and Bose, 1959).
9- Glucose nitrate agar (Küster, 1959).
10- Carbon utilization agar basal medium (Küster, 1959).
11- Glycerol asparagine agar (Pridham and Lyons, 1961).
12- Tyrosine agar (Shirling and Gottlieb, 1966).
13- Peptone-yeast extract iron agar (Tresner and Danga, 1958).
14- Nutrient agar.
15- Yeast extract malt-extract agar (YEMEA). (Pridham et al., 1957).
16- Hutchinson medium (Hutchinson and Clayton, 1919).
17- H2S production medium (Küster and Williams, 1964).
18- Pectic enzymes medium (Hankin et al., 1971).
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19- Nitrate broth (Nitrate reduction medium for nitrate reducatse enzyme) (Gordon
and Mihm, 1957).
20- Nutrient broth.
21- Tryptone agar (Goodfellow et al., 1979).
22- Urease broth (Rustigan and Stuart, 1941).
23- Nitrogen utilization agar basal medium (Williams et al., 1983).
24- Yeast extract-dextrose broth (Waksman, 1950).
25- Starch casein broth (Küster, 1959).
26- DNase test agar (Weckman and Catlin, 1957).
27- Inorganic salt starch broth (SNB).
28- Rustigan and Stuarts broth (Rustigan and Stuarts, 1941).
2.1.2 Soil samples
One field soil was collected from a farm from Bu Kariyyah and field one soil
sample was collected from a farm at Al Dhahera, Al-Ain Abu-Dhabi, United Arab
Emirates (UAE).
2.1.3 Plant material
Tomato seeds (Lycopersicon esculentum Mill., cv. Pakmor, supplied by
Bakker Brothers, Noord-Scharwoude, the Netherlands) were used.
2.1.4 Inorganic liquid fertilizer
Thrive (Arthur Yates & Co Limited, Milperra, NSW, Australia). The
chemical analysis (%) of the fertilizer was as follows: N as NO 3- 3, N as NH 4 2.6, N
as NH2CONH2 21.4, P as water soluble 5.5, K as KNO3 9, Mg as MgSO4 0.15, S as
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SO4 0.22, Cu as CuSO4 0.005, Zn as ZnSO4 0.02, B as Na 2B4O7 0.005, Mn as
MnSO4 0.04, Fe as chelated Fe 0.18, and Mo as Na2MoO 4 0.002.
2.2 Methods
2.2.1 Soil samples
Two saline field soils were collected in February 2014 (winter), one from a
farm from Bu Kariyyah and the other soil sample was collected from a farm at Al
Dhahera, Al-Ain, 140 km east of Abu-Dhabi, United Arab Emirates (UAE). The
light yellowish brown sandy loamy soil from each farm was passed through a 1-cm
mesh sieve to remove debris and stored in plastic bags in the greenhouse at 27°C ±
3°C until use.
Soil pH was measured in a mixture of one part soil to five parts 0.01 M
CaCl2, and saturation paste extracts were used to measure electrical conductivity
(Rayment and Higginson, 1992). Soluble cations in the saturation paste extracts were
extracted as described by Carter (1986) and measured by inductively coupled plasma
atomic emission spectrometry (ICPAES) as described by Zarcinas et al. (1987).
Organic carbon; available phosphorus and potassium; extractable sulfur;
ammonium and nitrate nitrogen and reactive iron were measured as described by
Walkely and Black (1934), Colwell (1965), Blair et al. (1991), Searle (1984) and
Tamm (1922), respectively.
2.2.2 Plant material
Seeds of tomato (Lycopersicon esculentum Mill., cv. Pakmor, supplied by
Bakker Brothers, Noord-Scharwoude, the Netherlands) were used in the present
study.
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In all the experiments, healthy tomato seeds were surface sterilized by
soaking in 70% ethyl alcohol for 4 min followed by immersion in 1.05 % NaOCl
(20% household bleach, i.e., Clorox) for 4 min. Surface sterilized seeds were then
washed ten times with sterile distilled water, and were air-dried in a laminar flowcabinet for 25 min before use.
2.2.3 Isolation of actinomycetes from saline soil samples
For the isolation of actinomycetes, the saline soils (1 sample from Bu
Kariyyah and 1 sample from Al Dhahera) were air dried for 7 days at 28 ± 2°C to
reduce the numbers of viable vegetative bacterial cells (Williams et al., 1972).
Actinomycetes were then isolated and estimated using the soil dilution plate method
(Johnson and Curl, 1972) using the inorganic salt-starch nitrate agar (SNA) (Küster,
1959) plates with specific soil pre-treatments (Hayakawa and Nonomura, 1987).
SNA was amended with the two antifungal antibiotics cycloheximide (50 µg mL-1)
(Sigma Chemical Co, St. Louis, USA) and nystatin (50 µg mL-1) (Sigma) (Williams
and Davies, 1965). The SNA was cooled to 45°C before the antibiotics were added
just before pouring the plates.
In the soil pre-treatments, soil samples (10 g) were added to Erlenmeyer
flasks containing 100 mL of sterilized yeast extract (YE) (Sigma) and sodium
dodecyl sulfate (SDS) (Sigma) solution (YE 6% + SDS 0.05 %). The solution was
prepared using distilled water and the flasks were kept at 40°C. After 20 min, the soil
suspension was then shaken on a rotary shaker (Model G76, New Brunswick
Scientific, Edison, NJ, USA) at 250 rpm for 30 min at 28°C ± 2°C.
Ten-fold dilutions (10-2 - 10-4) were made with sterile distilled water and 0.2
mL aliquots were spread with a sterile hockey shape glass rod over the surface of
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SNA in sterile plastic, 9-cm diameter Petri-plates. Four plates were used per dilution,
and the plates were dried in a laminar flow-cabinet for 15 min before incubation at
28°C ± 2°C in the dark for 10 days.
YE and SDS were added in the soil-pretreatments to increase and decrease
the numbers of actinomycetes and bacteria, respectively (Nonomura and Hayakawa,
1988). This method allows the growth of large numbers of soil actinomycetes and
limits the growth of soil bacteria (Hayakawa and Nonomura, 1987). Actinomycete
colonies were counted and were expressed as colony forming units (cfu) g dry soil -1.
All colonies (62 isolates) were transferred onto oatmeal agar plates
supplemented with 0.1% yeast extract (OMYEA) (Williams and Wellington, 1982a)
and stored in 20% glycerol (cryoprotectant) at -20°C (Wellington and Williams,
1978). All actinomycete isolates were tentatively identified and grouped to the genus
level on the basis of their cultural characteristics, standard morphological criteria and
according to the presence or absence of substrate mycelium (Cross, 1989).
2.2.4 Tolerance of actinomycetes isolates to different concentrations of NaCl
Different concentrations of NaCl (0, 0.5, 5, 10, 15, 20 and 25 g 1 per liter of
medium w/v), were used and incorporated into SNA (Williams et al., 1983).
Actinomycete growth was recorded after 7 days of incubation at 28°C ± 2°C in the
dark.
Growth in the presence of NaCl at one or more concentrations was recorded
as positive when it was greater than that in the un-supplemented negative control. All
the 62 actinomycetes isolates were screened for their potential to tolerate different
concentrations of NaCl. Only 47 actinomycetes isolates which tolerated 25 g NaCl
per liter of SNA were used in subsequent experiments.
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2.2.5 Qualitative determination of phosphorus solubilization
Only the 47 actinomycetes isolates which tolerated 25 g NaCl per liter of
SNA were screened for their potential to solubilize insoluble calcium phosphate
using potato dextrose yeast-extract agar (PDYA pH 7.0) amended with freshly
precipitated calcium-phosphate (Katznelson and Bose, 1959).
Each actinomycete isolate was streaked in triplicate in the center of a plate
and the plates were incubated at 28°C ± 2°C in the dark for 2 weeks. Clear zone
diameters were measured (mm) and used as an indicator of phosphate solubilization.
Large diameters (>20 mm) represented high activity and smaller diameters
represented low activity. According to the results obtained from this assay, 25 highly
active calcium-phosphate-solubilizing isolates were further assessed for their abilities
to solubilize powdered rock phosphate (PRP) using Louw and Webley (1959) agar
medium. PRP was autoclaved separately for 20 min, added at the rate of 4.0 g l-1 and
the final pH was adjusted to 7.8. Each isolate was streaked in the center of the plate
and incubated at 28°C ± 2°C in the dark for 2 weeks. Eight replicate plates were
used for each isolate.

Solubilization of PRP was assessed by measuring the

diameters of the clear zones.
2.2.6 Quantitative determination of PRP solubilization
Individual 250 ml Erlenmeyer flasks, each containing 50 ml of PRP-amended
broth (Louw and Webley, 1959) were inoculated with 3 ml of 20% glycerol
suspension of each of the sixteen isolates (approximate 108 cfu ml-1) covered with
aluminum foil and incubated on a rotary shaker at 250 rpm at 28°C ± 2°C in the dark.
After 12 days, the suspension from each flask was centrifuged for 30 min at 5000 x
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g. The supernatant fluid was then filtered through sterile millipore membranes (pore
size 0.22 m, Millipore Corporation, MA, USA) to remove cell debris.
The filter-sterilized cell-free culture broth was collected in sterile McCartney
vials and allowed to settle for 15 min at room temperature for the determination of
pH. Control consisted of sterile non-inoculated medium. Water-soluble P was
analyzed by the colorimetric procedure of Murphy and Riley (1962) using
molybdophosphoric acid blue complex.

There were eight independent replicate

flasks for each isolate. The pH drop and the amount of released soluble P were taken
as an indicator of the efficiency of selected isolates.
Only the 15 strongest phosphorus-solubilizing isolates which provided the
maximum reduction in pH values and the maximum increase in P concentration in
the PRP amended broth were selected for the production of acid and alkaline
phosphatase and organic acids and for rhizosphere competence.
2.2.7 Determination of production of acid and alkaline phosphatase and organic
acids
Acid and alkaline phosphatase activities were determined using a
modification of the method of Juma and Tabatabai (1988). Culture supernatant (1
ml) from the previous experiment was incubated with 1 ml of 25 mM ρ-nitrophenyl
phosphate and 4 ml modified universal buffer, (pH 6.5 or pH 11 for the assay of acid
or alkaline phosphatase, respectively) at 37°C± 2°C in the dark.
The reaction was terminated after 1 h by adding 1 ml of 0.5 M CaCl2 and 4
ml of 0.5 M NaOH. The assay mixtures were filtered through Whatman No.1 filter
paper (Whatman, Maidstone, England) and the intensity of the yellow color was
measured at 410 nm. There were eight independent replicate flaks for each isolate.
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The organic acids in the culture filtrates were determined by HPLC with a
Beckman Interaction Ion 300 column (7.8 mm X 30 cm).
monitored using a UV detector at 220 nm.

Organic acids were

The mobile phase consisted of 0.014 N

sulfuric acid with a flow rate of 0.4 ml min -1 (Kim et al., 1997). There were eight
independent replicate flasks for each isolate.
2.2.8 Root colonization and rhizosphere competence assays
The competence of each of the 15 strongest phosphorus solubilizing
actinomycete isolates to colonize the rhizosphere of tomato was determined in two
parts.
A primary indicator root colonization plate assay (Kortemaa et al., 1994) was
carried out in vitro to rapidly indicate whether or not the root exudates of tomato,
acting as the sole carbon source, would support the growth of each isolate. Successful
completion was followed by a rhizosphere competence assay using a modified sand
tube as described by Ahmad & Baker (1987).
2.2.9 Root colonization plate assay
Tomato seeds were disinfected by immersion in 70% ethyl alcohol for 1 min
followed by immersion in 0.5% NaOCl for 2 min. Surface sterilized seeds were then
washed five times with sterile distilled water, and air-dried. The seeds were pregerminated for 24 h on water agar (20 g agar L-1 distilled water) before being
individually transferred onto separate fresh water agar plates. A total of 80 seeded
plates were prepared with one seed/plate. Five seeded plates were left as controls
without any further treatment.
Five replicate seedlings were inoculated with each isolate (one isolate per
replicate) which had been grown on OMYEA.

A needle was used to transfer
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colonies from agar plates and the inoculum was placed 1-2 mm alongside the
emerging radicle (Kortemaa et al., 1994). The plates were incubated in a vertical
position at 28°C ± 2°C Colonization by isolates of the root was examined after 8
days. Colonization was recorded as a percentage of the total root length (Kortemaa et
al., 1994).
2.2.10 Rhizosphere competence assay
New, white Polyvinyl chloride (PVC) water pipe (40 mm dia.) (IPLEX
Plastics, Australia) was cut into 25 cm lengths. Each length was cut longitudinally in
half, placed together and held in place by adhesive tape. The bottom of each tube was
plugged with cotton wool, filled with a sieved (3 mm) sandy non-sterile field soil and
watered to field capacity. The water contained 1% water-soluble fertilizer (NPK, 14:
6: 27).
Tomato seeds were surface sterilized as previously described and inoculated
by immersion into a liquid suspension (1 x 108 mL-1) of each isolate. Seeds were
allowed to dry before sowing. Untreated seeds were used as controls. One seed was
sown in each tube to a depth of approximately 5 mm and the tubes were randomly
placed (12 per box) vertically into polystyrene boxes which were filled with field soil
and watered to field capacity. The soil surrounding the tubes served to maintain
maximum soil moisture and to reduce temperature fluctuations in the tubes over time.
Approximately 1 cm of each tube protruded above the soil surface in each box. Boxes
were each covered with transparent plastic bags held upright by a wire frame. No
more water was added after sowing.
The boxes were incubated for 2 weeks in a greenhouse maintained at 27°C ±
3°C. Five plants per isolate were used. After two weeks, the tubes were opened and
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the roots removed. Measured from the seed, only the first 10 cm of roots were
retained, these were aseptically cut into 2 cm segments and sequentially numbered
from the seed and plated onto OMYEA plates.
The balance of roots was discarded. Loose soil particles on the remaining root
segments were carefully removed with forceps, air-dried for 24 h and added to sterile
water and shaken for 1 h. The soil particles were numbered according to the root
segments from which they were recovered. Serial dilutions were prepared (10 -2 to
10-3) from which a 0.2 mL aliquot of each dilution was inoculated onto OMYEA
plates. All plates were incubated for 7 days in the dark at 28°C ± 2°C. Detection
frequencies were assessed along the root length for all root segments and for all
corresponding soil particles on which the isolate could be recognized. A rhizosphere
or root segments was considered to be colonized when the isolate was detected, either
on a root segment or in a corresponding rhizosphere soil sample or both.
2.2.11 Qualitative and quantitative determination of indole-3-acetic acid
The aim of this experiment was to screen all the 8 strongest phosphorus
solubilizing rhizosphere competent isolates for their ability to produce indole-3-acetic
acid (IAA) in glucose peptone broth (GPB) (Di Menna, 1957) amended with LTryptophan (L-TRP) (Sigma). Erlenmeyer flasks (250 mL) each containing 100 mL
of sterile GPB were amended with 3 mL of 5 % filter sterilized L-TRP (Millipore
membranes, pore size 0.22 µm, Millipore Corporation, MA, USA) (Khalid et al.,
2004).
The flasks were inoculated with 2 mL of each of the actinomycete isolate
prepared from a 5-day-old shake GPB culture. The flasks were covered with
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aluminum foil and incubated on a shaker (Model G76, New Brunswick Scientific,
Edison, NJ, USA) at 250 rpm at 28°C ± 2°C in the dark for 7 days.
Non-inoculated flasks served as controls. After incubation, the suspension
from each flask was centrifuged for 30 min at 12000X g. The supernatant was filtered
through sterile Millipore membranes (pore size 0.22 µm) and collected in sterile
tubes. The culture supernatants (3 mL) were pipetted into test tubes and 2 mL of
Salkowski reagent (2 mL of 0.5 M Ferric chloride + 98 mL 35% percholeric acid)
were added to it (Gordon and Weber, 1951). The tubes containing the mixture were
left for 30 min for red color development.
The intensity of the color was determined by optical density at 530 nm using
a scanning spectrophotometer (UV-2101/3101 PC; Shimadzu Corporation, Analytical
Instruments Division, Kyoto, Japan). Similarly, color was also developed in standard
solutions of IAA and a standard curve was established and auxin compounds were
expressed as IAA-equivalents (Gordon and Weber, 1951).

Five independent

replicates of each isolate were analyzed.
2.2.12 Qualitative and quantitative determination of polyamines production by
actinomycetes
The aim of this experiment was to screen all the 8 strongest phosphorus
solubilizing rhizosphere competent isolates for their ability to produce arginine
decarboxylase and to produce putrescine (Put) from its corresponding amino acid
arginine in a Moeller’s decarboxylase agar medium (MDAM) supplemented with 2 g
L-1 of L-arginine (Sigma) (Arena and Manca de Nadra, 2001).
Five-days-old isolates grown on OMYEA were streaked in triplicate on
MDAM plates. The plates were incubated at 28°C ± 2°C in the dark for 2 days.
Growth of the decarboxylating isolates was detected by the presence of a dark red
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halo around and beneath the actinomycete colonies, compared to the yellow medium
without inoculation of any actinomycetes (control).
For the quantitative determination of the polyamines (putrescine (Put),
spermidine (Spd) and spermine (Spm) all the isolates showing a large dark red halo
color were cultivated in liquid modified Moeller’s decarboxylase medium
supplemented with

5 g L-1 of L-arginine by

High-performance liquid

chromatography (HPLC). Derivatization of the authentic polyamines and the filtersterilized cell-free filtrates were carried out by adding benzoyl chloride (Sigma) as
described by Redmond and Tseng (1979). HPLC chromatograms were produced by
injecting 10 µL of the benzoylated samples onto a 10-µm reverse phase column
(Waters Associates µBondapak C 18, 4 mm x 30 cm) in a Waters Associates liquid
chromatograph equipped with a differential UV detector set at 254 nm as described
by Smith and Davies (1985). Eight replicates of each isolate were analyzed.
From experiments 2.2.11 and 2.2.12, two isolates out of the strongest 8
phosphorus solubilizing and rhizosphere competent actinomycetes were selected for
the greenhouse experiment.
The first isolate (isolate # 6) which was able to solubilize phosphorus and in
the same time was also able to produce auxins and polyamines. The second isolate
(isolate # 33) which was able to solubilize phosphorus and was not able to produce
auxins and polyamines.
2.2.13 Qualitative determination of indole-3-acetic acid and polyamines by the
non-phosphorus solubilizing actinomycetes isolates
The aim of this experiment was to screen all the 22 non-phosphorus
solubilizing actinomycetes isolates for their ability to produce indole-3-acetic acid
and polyamines. This experiment was carried out as described above in 2.2.11 for
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determination of indole-3-acetic acid production and in 2.2.12 for the production of
polyamines.
Out of these 22 isolates only 10 isolates produced high levels of indole-3acetic acid and polyamines.
2.2.14 Root colonization plate assay and rhizosphere competence assay for the
non-phosphorus solubilizing and indole-3-acetic acid and polyamines producing
actinomycetes
The aim of this experiment was to screen all the 10 non-phosphorus
solubilizing and indole-3-acetic acid and polyamines producing actinomycetes for
their root colonization and rhizosphere competence abilities as described in
experiments 2.2.9 and 2.2.10.
From this experiment the strongest root colonizing and rhizosphere competent
isolate (isolate # 49) which was able to produce auxins and polyamines and was not
able to solubilize phosphorus was selected for the greenhouse experiment.
2.2.15 Greenhouse study
In order to evaluate the effect of the actinomycetes isolates obtained in the present
study under greenhouse conditions, three isolates were selected.
Isolate # 6 which was able to produce auxins and polyamines and at the same time
was also able to solubilize phosphorus. Isolate # 33 which was able to solubilize
phosphorus and was not able to produce auxins and polyamines. Isolate # 49 which
was able to produce auxins and polyamines and was not able to solubilize
phosphorus.
2.2.15.1 Plant materials
In all the experiments in the present thesis, healthy tomato seeds
(Lycopersicon esculentum Mill., cv. Pakmor, supplied by Bakker Brothers, Noord-
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Scharwoude, the Netherlands) were surface sterilized by soaking in 70% ethyl
alcohol (Sigma) for 4 min followed by immersion in 1.05 % NaOCl (20% household
bleach, i.e., Clorox) for 4 min.
Surface sterilized tomato seeds were then washed ten times with sterile
distilled water, and were air-dried in a laminar flow-cabinet for 25 min before use.
2.2.15.2 Preparation of actinomycetes inoculum
The inoculum of each actinomycete isolate was applied as seed coating as
well as soil application. For seed coating, the isolates were grown in OMYEA with
constant shaking at 250 rpm at 28°C ± 2°C in the dark, for 5 days. The cells were
harvested and centrifuged at 4000X g for 20 min. The actinomycete pellets were
washed twice with 0.03 M MgSO4 before being re-suspended in sterile 0.03 M
MgSO4.
The surface sterilized tomato seeds were then immersed in sterile beakers
containing either sterile 0.03 M MgSO4 (blank control) or with each actinomycete
suspension in sterile 0.03 M MgSO4 at 28°C ± 2°C for 4 h.

Carboxy-methyl

cellulose (2 g L-1) (Sigma) was also added as an adhesive material. The remaining
suspension was drained and the seeds were air dried in the laminar flow cabinet for 1
h before use.
For the soil application, the inoculum for each isolate was prepared by
placing 100 g of moist oat bran into 500 ml Erlenmeyer flasks, and autoclaving at
121°C for 20 min on three successive days. The oat bran was then aseptically
inoculated with spore suspensions (25 mL) of each actinomycete in 20% glycerol,
under aseptic conditions and incubated at 28°C ± 2°C in the dark for 3 weeks. The
flasks were occasionally shaken to ensure uniform colonization.
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Colonized oat bran which had been autoclaved twice served as the control.
Prior to use, small amounts of both the colonized and control wheat bran were
suspended in 50 mL of sterile distilled water. An aliquot (0.3 mL) of this suspension
was spread onto oatmeal agar plates, and incubated at 28°C ± 2°C to confirm the
presence or absence of the antagonists, respectively.
2.2.15.3 Soil inoculation
Soil collected from the same farm described above was used in this
experiment. It was air dried, and passed through a 1-cm mesh sieve before use.
The colonized oat bran was thoroughly dispersed through the air-dried field
soil by mixing in a cement mixer (0.1 g colonized oat bran inoculum g -1 air-dried
non-sterile soil). Free-draining polyethylene pots were filled with 5 kg of inoculated
soil and were left for 2 weeks before sowing. In total, there were four treatments:
(1) Tomato plants + Streptomyces isolate # 6.
(2) Tomato plants + Streptomyces isolate # 33.
(3) Tomato plants + Streptomyces isolate # 49.
(4) Control (soil with tomato plants only).
Colonized and autoclaved oat bran inoculum was used for treatment 4. Two
weeks after preparing the soils with the required treatments, eight tomato seeds
surface sterilized and coated with each actinomycete isolate as described above were
sown in each pot to a depth of 5 mm. When emergence was complete (ca. 6 days)
the seedlings were thinned to six per pot.
Each treatment was replicated eight times and the pots were placed in an
evaporative-cooled greenhouse at 27°C ± 3°C. The pots were watered to container
capacity using NaCl (200 mM NaCl) once aday.
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The pots were fertilized weekly with inorganic liquid fertilizer (Thrive)
(Arthur Yates & Co Limited, Milperra, NSW, Australia) at the manufacturer's
recommended rate. Plant growth was monitored by recording the dry weights of
roots and shoots, and lengths of roots and shoots, at the time of harvest (10 weeks
after sowing).
2.2.16 Plant nutrient analyses
At the time of harvest (10 weeks after sowing), roots and the youngest fully
opened leaves were washed in deionized water, sliced into small pieces and oven
dried overnight at 70°C.
For the measurement of N, finely ground plant material was combusted at
950°C in oxygen using a LECO FP-428 Nitrogen Analyzer. The released N from the
sample was measured as it passed through a thermal conductivity cell (Sweeney and
Rexroad, 1987).
For P, K, S, Mg, Fe, Mn, Zn and Cu, plant material was digested in a 9:1
mixture of nitric and perchloric acid and measured by ICPAES (McQuaker et al.,
1979). Plants from eight replicate pots were analyzed for each treatment.
2.2.17 Extraction and HPLC analysis of endogenous auxins in tomato roots and
shoots
The extraction of endogenous auxins (IAA) was carried out from tissues of
the terminal part of the root and shoot systems using the method described by Guinn
et al. (1986). Briefly, the tissues were quickly frozen at -85°C, and ground in cold
80% extracting solvent methanol-butylated hydroxytoluene-sodium ascorbate.
The macerate was then transferred to a flask with fresh extracting solvent and
the volume was adjusted to 20 ml and filtered. The filtrate was evaporated to the
aqueous phase in a rotary flash evaporator at 35°C.
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The aqueous phase was then adjusted to pH 8 with K 2HPO4 and the sample
was partitioned three times with equal volumes of washed ethyl acetate-butylated
hydroxytoluene and the aqueous phase was adjusted to pH 2.8 with H 3PO4 (Sigma).
The acidified solution was passed through C18 cartridge (Waters Associates,
Sep-Pak) to trap auxins. Auxins were then eluted with NH 4OH (Sigma) and the pH
quickly adjusted to 2.8 with H3PO 4. The aqueous eluted phase was partitioned three
times, each with 10 ml portion of washed diethyl ether-butylated hydroxytoluene.
The ether was evaporated by rotary flash evaporation at 40°C, the residue was
immediately dissolved in methanol and the sample was injected into the HPLC for
the determination of the endogenous auxins using the parameters described by Tien
et al. (1979).
HPLC chromatograms were produced by injecting 10 µl of the methanol
dissolved sample onto a 10-µm reverse phase column (Waters Associates µBondapak
C18, 4 mm x 30 cm) in a Waters Associates liquid chromatography equipped with a
differential ultraviolet detector operated at 280 nm.
Two isocratic solvent systems were used to separate auxins as described by
Tien et al. (1979). The concentrations of auxins were obtained by comparing their
respective peak areas in the unknown sample with their corresponding areas obtained
with the authentic samples (Sigma) of a known concentration. Eight independent
replicate samples were analyzed.
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2.2.18 Extraction and measurement of polyamines from roots and shoots by
HPLC
The extractions of polyamines (putrescine, spermidine and spermine) were
carried out from tissues of the terminal part of the root and shoot systems using the
method described by Flores and Galston (1982).
Benzoylation and HPLC for the plant extracts and authentic PAs samples
were as described above for the culture filtrates. Eight independent replicate samples
were analyzed.
2.2.19 Identification of actinomycetes genera to species level
Identification of the three ACC-deaminase highly-producing and strong
rhizosphere-competent streptomycete actinomycetes isolates to species levels was
based on characteristics specific for each species as presented in Bergey's Manual of
Systematic Bacteriology (Williams et al., 1989) using cultural, morphological, and
physiological characteristics.
For the morphological, cultural, and physiological tests described in this
section, actinomycetes were inoculated onto OMYEA and incubated at 28°C ± 2°C
for 10 days unless otherwise stated. Spores and mycelial fragments from these plates
were used to inoculate solid and liquid media used for these tests.
2.2.19.1 Morphological characteristics
The three strongest actinomycete isolates finally selected were examined
morphologically as described by Williams and Davies (1967). Actinomycete isolates
were grown on OMYEA plates.
A number of sterile cover slips were inserted at 45° angle immediately after
inoculation of the plates with the actinomycete. After incubation in the dark for 10
days, cover slips colonized by the actinomycetes were carefully withdrawn from the
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plates, air dried for 30 min, mounted on a glass slide (upper surface down) and
examined with low- and high-power objectives.
The formation of aerial mycelium and fragmentation of either the aerial or
substrate mycelia were recorded. Micrographs were produced using an Olympus BH2 microscope (Olympus BH-2, Olympus Optical Co., Ltd, Tokyo, Japan).
2.2.19.2 Electron-microscopy of spores
A Phillips CM10 Transmission Electron Microscope (5600 MD, Eindhoverd,
the Netherlands) at 80 KV was used for the examination of spores by the method of
Tresner et al. (1961). This method involved gently pressing electron microscope
specimen copper grids coated with formvar to the sporulating surface of cultures
grown on OMYEA. Spore chains which adhered to the coated surfaces of the grids
were observed and photographed without fixing or shadowing.
2.2.19.3 Cultural characteristics and pigmentation
The type and intensity of growth, color of aerial and substrate mycelia and the
reverse color of media, were determined for the three actinomycete isolates using the
seven color wheels of Tresner and Backus (1963).
These were determined on 21 day old cultures grown on SNA, glycerol
asparagine agar (GAA) (Pridham and Lyons, 1961), OMYEA, yeast-extract maltextract agar (YEMA) (Pridham et al., 1957) and Hussein’s fish-meal extract agar
(HFMEA) (Pridham and Lyons, 1961) and incubated at 28°C ± 2°C in the dark.
Production of melanin pigments was determined after 4 days of incubation in
the dark on peptone-yeast-extract iron agar (Tresner and Danga, 1958) and tyrosine
agar (Shirling and Gottlieb, 1966).
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2.2.19.4 Physiological characteristics
The following physiological characteristics were characterized for the three
Streptomyces spp.
2.2.19.4.1 Utilization of carbon sources
The ability of the actinomycete isolates to assimilate a range of carbon
sources was examined by inoculating them onto a carbon utilization agar basal
medium containing one of the following carbon sources; L-arabinose, raffinose,
sucrose, D-xylose, meso-inositol, mannitol, maltose, D-fructose, L-rhamnose, Dmannose, D-ribose, D-lactose, inulin, salicin, trehalose, dextran, D-galactose,
cellobiose, adonitol, xylitol, sodium acetate, sodium propionate, sodium citrate,
sodium malonate and sodium pyruvate (Shirling and Gottlieb, 1966). All carbon
sources were purchased from Sigma.
Each carbon source was added at 1.0% (w/v) with the exception of sodium
acetate, sodium propionate, sodium citrate, sodium malonate and sodium pyruvate,
which were added at 0.1% (w/v). The carbon compounds were sterilized by filtration
through sterile 0.22 µm Millipore membrane filters (Millipore) and added to the basal
medium after autoclaving and cooling to 50°C.
Results were recorded after 21 days of incubation in the dark by comparing
growth intensity with that on un-supplemented basal agar medium (negative control)
and on a positive control containing 1% D-glucose. A positive result was recorded
when growth was greater than that on the negative control.
2.2.19.4.2 Utilization of nitrogen sources
The ability of the three actinomycete isolates to utilize a range of nitrogen
sources (0.1% w/v) was examined by inoculating a spore suspension onto a nitrogen
utilization agar basal medium (Williams et al., 1983) containing one of the following
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nitrogen sources; DL-amino-n-butyric acid, potassium nitrate, L-cysteine, L-valine,
L-threonine, L-serine, L-phenylalanine, L-methionine, L-histidine, L-arginine and Lhydroxy proline. Growth was measured after 21 days at 28°C ± 2°C in the dark by
comparing test plates on each source with that on the un-supplemented basal medium
(negative control) and on a basal medium containing L-asparagine (positive control).
All nitrogen sources used were purchased from Sigma. A positive result was
recorded when growth was greater than that on the negative control.
2.2.19.4.3 Tolerance to different concentrations of various inhibitors
Different concentrations of sodium chloride (0, 0.5, 5, 10 or 15% w/v),
sodium azide (0.01 or 0.02% w/v), phenol (0.1% w/v), potassium tellurite (0.01 or
0.001% w/v), thallous acetate (0.01 or 0.001% w/v), and crystal violet (0.0001%
w/v), were used and incorporated into SNA (Williams et al., 1983).
Actinomycete growth was recorded after 21 days of incubation at 28°C ±
2°C. Growth in the presence of chemical inhibitors at one or more concentrations was
recorded as positive when it was greater than that in the un-supplemented control.
2.2.19.4.4 Temperature sensitivity
Temperature sensitivity was tested on SNA. Inoculated plates were incubated
at 4, 10, 28, 37, 45 or 52°C in the dark. Growth of each isolate was recorded after 21
days. Growth of the actinomycetes at any of these temperatures indicated a positive
result.
2.2.19.5 Production of enzymes
2.2.19.5.1 Production of lipase enzymes
One mL of corn oil was added to 3 mL of glucose nitrate broth (Küster, 1959)
in which the oil replaced the carbon source (glucose). The tubes were inoculated with
each actinomycete isolate and incubated in the dark for 2 weeks at 28°C ± 2°C.
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Growth of each isolate as well as the disappearance of oil droplets indicated
the production of the enzyme which was recorded as a positive result.
2.2.19.5.2 Production of keratinase enzymes
Small pieces of washed fine chicken feathers were added to the inorganic salt
starch broth (SNB) in which the feathers replaced starch and potassium nitrate
(carbon and nitrogen source, respectively).
The feather pieces were inoculated with each isolate and incubated in the dark
for 2 weeks at 28°C ± 2°C. Growth of each isolate and pigment production of the
actinomycete isolates on the feathers indicated a positive result.
2.2.19.5.3 Production of cellulase enzymes
Strips (20 X 100 mm) of Whatman No. 1 filter paper (Whatman, Maidstone,
England) in 10 mL of Hutchinson liquid medium (Hutchinson and Clayton, 1919) in
25 mL tubes were inoculated with each isolate.
Inoculation was carried out by transferring a loop of spore suspension to the
surface of the filter paper, as close as possible to the level of the liquid medium. After
21 days of incubation in the dark at 28°C ± 2°C, the filter strips were examined. The
maceration of paper revealed cellulolytic activities. Pigmentation on the cellulose
filter paper was also recorded (Hutchinson and Clayton, 1919).
2.2.19.5.4 Production of pectinase or pectic enzymes
A solid medium for the detection of pectinase enzymes activity was based on
that of Hankin et al. (1971). Actinomycete isolates were streak inoculated onto the
agar medium and the pectinolytic activity was determined after 4-6 days of
incubation in the dark at 28°C ± 2°C by flooding the culture surface for at least 4 h
with a 1% (w/v) aqueous solution of hexadecyltrimethylammonium bromide
(Sigma).
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This reagent precipitates undegraded pectin, leaving a clear zone around
colonies with pectinolytic activity.
2.2.19.5.5 Production of nitrate reductase enzymes
Six tubes of Nitrate broth (Gordon and Mihm, 1957) were inoculated with 0.2
mL of spore suspension for each actinomycete isolate. The tubes were shaken
vigorously and incubated in the dark at 28°C ± 2°C.
After 21 days, duplicate tubes were removed and tested, along with
uninoculated control tubes, for the presence of nitrite. One mL of sulfanilic acid
(Sigma) was added to the contents of each tube and mixed, then 1 mL of dimethyl 1alpha-naphthylamine (Sigma) was added to each tube and mixed. The appearance of
a distinct pink or red color indicated the reduction of nitrate. Broths which showed a
negative nitrite test were then tested for the presence or absence of nitrate.
This was done by adding a small amount of zinc dust into the tube to which
the reagents have been added then allowed to stand for few minutes. The appearance
of a characteristic pink or red color would indicate that nitrate was not reduced
(Gordon and Mihm, 1957).
2.2.19.5.6 Hydrogen sulphide production
Filter paper strips (20 X 100 mm) moistened with lead acetate was inserted
into the necks of 25 mL tubes containing 15 mL of nutrient broth supplemented with
0.2% potassium nitrate (H2S production medium).
The tubes were inoculated with spore suspension of each isolate and
examined for the appearance of a black color after 21 days at 28°C ± 2°C in the dark
(Küster and Williams, 1964). The black color indicated that hydrogen sulphide (H 2S)
was produced.
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2.2.19.5.7 Coagulation and peptonization of milk
Test tubes containing sterile skimmed milk (5 mL per tube) were inoculated
with the test isolates and examined after 5 and 7 and 14 days at 28°C ± 2°C for
coagulation and subsequent liquefaction of milk (Williams et al., 1983).
2.2.19.5.8 Production of chitinase enzymes
These were recorded from 14 day-old cultures of each organism grown on
colloidal chitin agar (CCA) at 28°C ± 2°C by the appearance of clearing zones.
Growth intensity was recorded visually by comparing plates of each isolate. Positive
colonies have a clear zone around them (Williams et al., 1983).
2.2.19.6 Degradation of complex insoluble compounds
The degradation of adenine (Sigma), tyrosine (Sigma) (0.5% w/v),
hypoxanthine (Sigma), xanthine (Sigma) (0.4% w/v), elastin (Sigma) (0.3%), casein
(Sigma) and glycogen (Sigma) (1%), testosterone (Sigma) (0.1% w/v) and guanine
(Sigma) (0.05% w/v), was detected on SNA in which the complex insoluble
compounds replaced starch and potassium nitrate.
Clearing of the insoluble compounds after 21 days of incubation at 28°C ±
2°C in the dark around and under each colony growth was scored as positive result
after 21 days.
2.2.19.7 Degradation of other compounds
Gelatin (0.4% w/v) (Sigma) and starch (Sigma) (1.0% w/v) degradation were
detected on the same agar medium used for degradation of insoluble complex
compounds.
After 7 days, at 28°C ± 2°C the cultures were flooded with acidified mercuric
chloride solution (Sigma) (Frazier, 1926) and iodine solution (0.13 g of iodine and
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0.3 g of potassium iodide in 100 mL of distilled water) (Cowan, 1974) respectively,
and scoring cleared zones as positive.
The degradation of DNA (Sigma) (0.2% w/v), and RNA (Sigma) (0.3% w/v)
were observed using the DNase test agar (Difco) (Weckman and Catlin, 1957) and
tryptone agar, respectively. In each case, 7-day-old colonies were flooded with 1M
HCl and the presence of a clear zone was recorded as positive (Goodfellow et al.,
1979). The degradation of aesculin (Sigma) (0.1%) and arbutin (Sigma) (0.1%) were
determined by the method of Kutzner (1976) using a medium containing yeast extract
3 g, ferric ammonium citrate 0.5 g and agar 7.5 g per 1 litre of distilled water. Tubes
were examined after 7, 14 and 21 days at 28°C ± 2°C after inoculation and incubation
in the dark. A positive result was recorded when the test medium turned black.
The degradation of Tween 80 (Sigma) (1% w/v), was tested on a nutrient agar
medium supplemented with Tween 80. After inoculation and incubation in the dark
for 21 days at 28°C ± 2°C, growth and opacity of the tubes were examined.
The degradation of urea (0.4% w/v) was recorded after 21 days using the
method of (Gordon, 1967). Briefly, 10 mL of a 15% (w/v) solution of urea sterilized
by filtration was added to 75 mL of sterile urease broth (Rustigan and Stuart, 1941).
The mixture was pipetted aseptically into sterile tubes and inoculated with actively
growing cultures. An alkaline reaction and the formation of purple color after
incubation demonstrated decomposition of urea. The degradation of allantoin was
determined in 3 mL of Rustigan and Stuart's broth (Rustigan and Stuart, 1941) and
0.01 of allantoin (Sigma), autoclaved and inoculated with spores from actively
growing cultures. Decomposition of allantoin was indicated by an alkaline reaction
after 14 days at 28°C ± 2°C (Gordon, 1967).
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2.2.19.8 Anti-microbial activity
The antimicrobial activities of the three streptomycete actinomycete isolates
were tested against a range of test organisms which included:
(i) Gram-negative bacteria: Escherichia coli and Pseudomonas fluorescens.
(ii) Gram-positive bacteria: Staphylococcus aureus, Bacillus subtilis and
Micrococcus luteus.
(iii) Yeast fungi: Candida albicans and Saccharomyces cerevisiae.
(iv) Mould fungi: Pythium aphanidermatum, Aspergillus niger and
Rhizoctoma solani.
For bacteria, yeast and fungal antagonism, the three actinomycete isolates
were grown for 7 days on HFMEA in the dark at 28°C ± 2°C after which agar blocks
of the cultures (7 mm in diameter) were transferred to the surface of agar plates,
freshly seeded with the test organism (Hasegawa et al., 1990).

The width of

inhibition zones around the test colonies were measured after 24 h for the bacteria
and yeasts. Bacteria were cultivated on nutrient agar, whilst yeast and mould fungi
were grown on yeast extract malt-extract agar (YEMEA).
2.2.19.9 Resistance to antibiotics
The resistance of the three actinomycete isolates to ten antibiotics was tested
using the filter paper disc method of Goodfellow and Orchard (1974). Briefly, sterile
Whatman No. 1 filter paper discs (3 mm in diameter) were soaked in solutions of the
following antibiotics; gentamycin sulphate (Sigma) (100 µg mL-1), neomycin
sulphate (Sigma) (50 µg mL-1), streptomycin sulphate (Sigma) (100 µg mL-1),
rifampicin (Merrell Dow, N.S.W., Australia) (50 µg mL -1), cephaloridine (Sigma)
(100 µg mL-1), tetracycline hydrochloride (Sigma) (500 µg mL-1), oleandomycin
(Sigma) (100 µg mL-1), penicillin G (Sodium salt, Instituto Biochimico Italiano,
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Milano, Italy) (10 i.u mL-1), and vancomycin hydrochloride (David Bull Laboratories
Pty Ltd, Melbourne, Australia) (50 µg mL-1). The discs were placed over the surface
of SNA plates, freshly inoculated with the isolates.

Plates were examined for

inhibition zones after 4 days of incubation in the dark at 28°C ± 2°C.
2.2.20 Statistical analysis
A randomized complete block design was used and analysis of variance was
carried out using Superanova (Abacus Concepts, Inc., Berkeley, California, USA)
to evaluate the effect of the three actinomycetes isolates at the end of the greenhouse
trials on plant growth, and the levels of endogenous auxins, polyamines,
macronutrients and micronutrients in roots and shoots. Data were subjected to one
way analysis of variance (ANOVA) and the significant differences between means
were compared using Fisher's Protected LSD Test at P = 0.05.
(Abacus Concepts Inc., Berkeley, CA, USA) was used for all analyses.

Superanova
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Chapter 3: Results
3.1 Soil analysis
The chemical characteristics of the two soils used in the present study were
analyzed and are listed in Table 3.1.
3.2 Isolation of actinomycetes from saline soil samples
The populations of actinomycetes in Bu Kariyyah soil were found to be 44.16
x 105 (SE = 3.15) cfu g-1 dry soil (Fig. 3.1). The populations of actinomycetes in and
Al Dhahera soil were found to be 85.16 x 104 (SE = 2.52) cfu g-1 dry soil (Fig. 3.2).
From the two soil samples 62 actinomycete isolates were isolated from the
two soils.
3.3 Tolerance of actinomycetes isolates to different concentrations of NaCl
Sixty-two representative actinomycete isolates were obtained from the soil
isolation plate technique. Out of these, only 47 isolates (75.8%) were able to tolerate
high concentration of sodium chloride of 20 g L-1 and 25 g L-1 (Fig. 3.3).
These 47 isolates were selected for further experiments. The rest of the
isolates failed to grow on SNA amended with 20 g L-1 and 25 g L-1 indicating that
they did not have the ability to tolerate high levels of sodium chloride and
consequently were not included in the subsequent studies.
3.4 Qualitative determination of phosphorus solubilization
Forty-seven representative sodium chloride tolerant actinomycetes isolates
were obtained from experiment 3.3. Out of these, only 25 isolates (53.2%) were able
to produce large zone of clearing (>20 mm) on calcium-phosphate and PRP-amended
agar media (Fig. 3.4). These isolates showed relatively large clear zones around and
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beneath the colonies. The rest of the isolates (22 isolates) (46.8%) were either nonphosphate-solubilizing or produced only a very small zone of clearing and were not
included in the subsequent studies. Based on the results from the quantitative assay
(Table 3.2), only the 15 strongest phosphate-solubilizing isolate (# 1, 6, 9, 12, 14, 18,
19, 21, 24, 27, 33, 37, 55, 59, and 61), in addition to a non-phosphate-solubilizing
isolates 22 isolates) were selected (Table 3.2). The PRP-solubilizing potential of
these 15 isolates was high and was evident from the extent of the clear zones on PRPamended agar medium and in the amount of soluble P released in PRP-amended
broth (Table 3.2 and Table 3.3). Isoate # 49 (non- phosphorus solubilizing isolate)
failed to produce any clear zones around and beneath the colonies on PRP-amended
agar media (Table 3.2).
3.5 Quantitative determination of PRP solubilization
A significant (P<0.05) reduction in the pH and a concurrent significant
(P<0.05) increase in the concentration of the released P were detected in the in the
filter-sterilized cell-free culture broth of the 15 phosphate-solubilizing isolates in
PRP-amended broth compared with the non-phosphate-solubilizing isolate # 49
which failed to reduce the pH of the medium and failed also to increase the
concentration of the released P (Table 3.3).
Proficiency of PRP solubilization was greatest with isolates # 6 and 33 (Table
3.3). There was no significant differences (P>0.05) in the reduction of the pH and the
increase in the amount of released phosphorus between isolate # 49 (non- phosphorus
solubilizing isolate) and the control (Table 3.3).
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3.6 Determination of production of acid and alkaline phosphatase and organic
acids
The production of acid and alkaline phosphatases varied greatly among the 15
phosphate-solubilizing isolates (Table 3.3).

Some isolates produced both the

enzymes, whilst others produced either acid or alkaline phosphatase (Table 3.3). A
variety of different organic acids were produced by the isolates (Table 3.3).
3.7 Root colonization and rhizosphere competence assays
Based on the results of the previous experiments, only the strongest 15
phosphate-solubilizing isolate (# 1, 6, 9, 12, 14, 18, 19, 21, 24, 27, 33, 37, 55, 59, and
61) which produced the strongest levels of phosphorus solubilization were chosen for
the root colonization plate assay and rhizosphere competence assay in order to assess
their abilities to colonize tomato roots.
Seven of the 15 phosphate-solubilizing isolate isolates (# 1, 9, 12, 14, 18, 55
and 61) failed to colonize the roots in the root colonization plate assay 8 days after
emergence. Isolates # 6, 19, 21 and 33 colonized 95% of roots by 6 days after radicle
emergence, whilst isolates # 24, 27, 37, 59 colonized 85% of roots 7 days after
radicle emergence.
From the root colonization plate assay and based on their rate of colonization
only eight isolates (isolates # 6, 19, 21, 24, 27, 33, 37 and 59) were selected for the
rhizosphere competence assay. Root-colonization abilities of the 8 isolates tested
showed that roots, and soil particles attached to roots of 21-day-old tomato seedlings
were colonized to different degrees by the 8 actinomycetes isolates (Table 3.4).
Population densities also showed that the isolates were found in the
rhizosphere at all depths of the roots, but population densities were significantly
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(P<0.05) greater in the first 8 cm of the root system compared to other root depths
(Table 3.4).
The strongest eight isolates which colonized roots and showed higher
frequency of colonization were selected for further experiments (Table 3.4).
3.8 Qualitative and quantitative determination of indole-3-acetic acid
Auxins expressed as (IAA equivalents in µg ml-1) using the colorimetric
analysis were detected only in the liquid cultures of six Streptomyces spp. (isolates #
6, 21, 24, 27, 37 and 59) (Table 3.5). Different isolates varied greatly in their
efficiency for IAA production in glucose peptone broth (GPB) in the presence or
absence of L-TRP (Table 3.5). In the presence of L-TRP, the efficiency for IAA
production was enhanced by several folds (Table 3.5) and Fig. (3.5). Isolates # 19
and 33 failed to produce any auxins activity in the presence or absence of L-TRP
(Table 3.5).
3.9 Qualitative and quantitative determination of polyamines production by
actinomycetes
Out of the eight isolates tested only five isolates (# 6, 21, 24, 37, and 59)
produced putrescine in MDAM plates amended with arginine. These isolates showed
large dark red halo around and beneath the colonies (Fig. 3.6) and (Table 3.6). Three
isolates # 19, 27 and 33 failed to produce any polyamines in MDAM plates amended
with arginine as detected by their inabilities to produce dark red halo around the
colonies (Table 3.6).
From the HPLC analysis of the culture extracts of the five isolates (# 6, 21,
24, 37, and 59), the most promising polyamines producing Streptomyces sp. (isolate #
6) that produced the strongest red halo around the colony on MDAM plates and the
highest level of polyamines in culture the filtrate (Table 3.6) was selected for further
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studies. The Streptomyces sp. (isolate # 6) produced all the polyamines assayed
(putrescine, spermidine and spermine) (Table 3.6).
Table 3.1: Characteristics of the two saline soils collected from Bu Kariyyah and Al
Dhahera, Al-Ain, United Arab Emirates
Soil Characteristics

Bu Kariyyah soil

Al Dhahera Soil

Texture

Sandy loamy

Sandy loamy

Color

Light yellowish brown

Light yellowish brown

Organic carbon (%)

0.75

0.81

pH in 0.01 M CaCl2

7.9

8.1

EC (ds m-1)

16.44

15.51

NO3--N (mg kg-1)

16

35

NH4+-N (mg kg-1)

6

12

Available P (mg kg-1)

52

63

Total P (mg kg-1)

154

162

K+ (mg kg-1)

194

205

SO42- (mg kg-1)

83

106

Reactive Fe (mg kg-1)

325

311

Cu (mg kg-1)

0.61

2.35

Zn (mg kg-1)

0.47

0.68

Mn (mg kg-1)

4.15

3.14

Total CaCO3 (%)

54.82

45.36
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Figure 3.1: Plates of inorganic salt-starch nitrate agar (SNA) with colonies of
actinomycetes isolated from Bu Kariyyah soil

Figure 3.2: Plates of inorganic salt-starch nitrate agar (SNA) with colonies of
actinomycetes isolated from Al Dhahera soil

78

Figure 3.3: Growth of different isolates of actinomycetes on SNA agar medium
amended with 25 g L-1 of sodium chloride. Note that some isolates failed to grow on
the medium

Figure 3.4: Phosphate solubilization by Streptomyces isolates on calcium-phosphate
amended agar medium 2 weeks after inoculation and incubation at 28°C ± 2°C
Note the zone of clearing around and beneath some of the colonies.
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Table 3.2: Production of clear zones in mm by Streptomyces spp. in PRP-amended
agar medium after 7 days of incubation at 28°C ± 2°C
Isolate number

Clear zones in mm

Control

0.00 a

Isolate # 1

32.33 gh

Isolate # 6

53.33 b

Isolate # 9

51.00 b

Isolate # 12

46.00 c

Isolate # 14

43.33 cd

Isolate # 18

42.33 d

Isolate # 19

41.00 ed

Isolate # 21

37.66 ef

Isolate # 24

35.66 gf

Isolate # 27

32.66 gh

Isolate # 33

63.33 a

Isolate # 37

30.33 h

Isolate # 55

24.00 i

Isolate # 59

24.00 i

Isolate # 61

22.00 i

Isolate # 63

16.66 j

Isolate # 49

0.00 k

Values are means of five independent replicates and the values with the
same letter within a column are not significantly (P > 0.05) different
according to Fisher's Protected LSD Test.

Table 3.3: Effect of inoculation with 15 streptomycete actinomycetes on pH levels, available phosphorus concentration (mg l-1), production of
acid and alkaline phosphatases (µmol ρ-nitrophenyl phosphate ml-1 h-1) and organic acids
Isolate number
identification

and

pH

P concentration

Control

7.21 a

7.92 a

Acid
phosphatases
0.00 a

Isolate # 1

4.54 d

78.22 b

Isolate # 6

3.26 f

Isolate # 9

Alkaline phosphatases

Organic acids

0.00 a

None

0.58 c

0.00 a

G, M, S, L, U2, U3.

261.93 h

2.65 i

1.97 g

C, O, G, M, S, A, L, U1, U2.

5.11 c

95.29 cd

0.00 a

1.39 e

G, M, S, A, L, U2, U3.

Isolate # 12

5.56 b

175.37 e

2.01g

1.67 f

G, M, A, L, U1, U3

Isolate # 14

3.59 e

223.17 g

2.19 h

1.61 f

O, G, M, S, L, U3

Isolate # 18

4.50 d

170.98 e

1.79 f

0.00 a

C, G, M, S, L, U1, U2, U3

Isolate # 19

5.25 c

102.05 d

0.81 d

1.26 d

C, O, G, S, A, U1

Isolate # 21

3.57 e

214.64 g

1.62 e

1.12 c

C, O, S, A, U1

Isolate # 24

4.44 d

182.98 f

0.26 b

0.63 b

C, O, G, A, L, U1, U2

Isolate # 27

3.60 e

218.31 g

2.25 h

1.89 g

O, G, M, S, L, U3

Isolate # 33

3.20 f

271.53 h

2.60 i

1.91 g

C, O, G, M, S, A, L, U1, U2

Isolate # 37
Isolate # 55
Isolate # 59
Isolate # 61
Isolate # 49

5.69 b
5.15 c
4.55 d
3.68 e
7.21 a

89.95 c
105.15 d
211.11 g
219.87 g
8.35 a

0.62 c
0.65 c
0.88 d
1.60 e
0.00 a

1.31 e
1.21 d
1.10 c
1.87 g
0.00 a

C, G, S, A, U1
C, G, M, S, L, U1, U2, U3
C, O, G, A, U1
C, G, S, L, U1, U3
None

Values are means of eight replicates and the values with the same letter within a column are not significantly (P > 0.05) different according to
Fisher's Protected LSD Test. C, citric acid; O, oxalic acid; G, gluconic acid; M, malic acid; S, succinic acid; A, acetic acid; L, lactic acid; U1,
U2, and U3; unknown acids.
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Table 3.4: Population densities of Streptomyces spp. in rhizosphere soil of root segments of tomato three weeks after sowing the treated seeds
Distance from seed (cm)

#6

# 19

# 21

# 24

# 27

0-2

4.77 a

4.62 a

4.21 a

4.03 a

4.96 a

2-4

4.67 ab

4.54 ab

4.14 a

3.78 b

4-6

4.56 b

4.46 b

3.76 b

6-8

4.09 c

4.27 c

8-10

3.79 d

10-12
12-14

# 33

# 37

# 59

5.10 a

4.01 a

4.11 a

4.58 b

4.98 a

3.85 a

3.03 b

3.23 c

4.37 c

4.83 b

3.19 b

2.44 c

3.34 c

3.09 d

4.14 d

4.26 c

2.95 bc

1.93 d

3.57 d

3.04 d

2.57 e

3.67 e

4.04 d

2.69 c

1.72 e

3.59 e

3.45 de

2.95 d

2.50 e

3.35 f

3.92 d

2.14 d

1.14 f

3.26 f

3.36 e

2.34 e

1.98 f

3.00 g

3.68 e

1.05 e

0.41 g

Tomato seeds coated with each actinomycete isolate were grown in non-sterile sandy soils in plastic tubes in polystyrene boxes containing
soil, in an evaporative-cooled greenhouse maintained at 27°C ± 3°C. Seedlings were harvested three weeks after sowing. Values are means
of 5 independent replicates for each treatment and values with the same letter within a column are not significantly (P > 0.0 5) different
according to Fisher’s Protected LSD Test.
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Table 3.5: In vitro indole-3-acetic acid (IAA) production by Streptomyces isolates in glucose-peptone broth (GPB) amended with or without Ltryptophan (L-TRP) after 7 days of incubation at 28°C ± 2°C
Isolate Number

IAA equivalents (µg ml-1)
Without L-TRP

With L-TRP

Isolate # 6

12.45 b A

25.36 b B

Isolate # 19

0.00 a A

0.00 a A

Isolate # 21

4.31 c A

9.25 c B

Isolate # 24

0.00 a A

0.00 a B

Isolate # 27

7.50 d A

15.46 d B

Isolate # 33

0.00 a A

0.00 a A

Isolate # 37

2.82 e A

5.23 e B

Isolate # 59

9.84 f A

18.84 f B

Values are means of four replicates and the values with the same lower or same upper case letter
within a column or a row, respectively are not significantly (P>0.05) different according to Fisher's
Protected LSD Test.
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Table 3.6: Production of putrescine polyamine as a dark red halo in mm by Streptomyces spp. and the production of putrescine, spermidine and
spermine by the selected actinomycetes isolates (mg L-1)
Note: The dark red halo appear in MDAM agar medium amended with arginine after 3 days of incubation at 28°C ± 2°C

Isolate number

Clear zones in mm

Putrescine (Put)

Spermidine (Spd)

Spermine (Spm)

Isolate # 6

66.31 a

470.86 a

201.25 a

92.08 a

Isolate # 19

0.00 b

0.00 b

0.00 b

0.00 b

Isolate # 21

25.36 c

155.36 c

35.68 c

32.24 c

Isolate # 24

41.36 d

295.87 d

88.67 d

55.36 d

Isolate # 27

0.00 b

0.00 b

0.00 b

0.00 b

Isolate # 33

0.00 b

0.00 b

0.00 b

0.00 b

Isolate # 37

14.36 e

101.36 e

18.34 e

8.47 e

Isolate # 59

51.64 f

385.21 f

144.36 f

75.38 f

Values are means of four replicates and the values with the same lower case letter within a column are not
significantly (P>0.05) different according to Fisher's Protected LSD Test.
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Figure 3.5: Production of auxins by selected actinomycete isolates on sterile GPB
medium amended with 3 mL of 5 % filter sterilized L-TRP
Note the production of red color in the tested tubes. Pale pink color indicates weak
production of auxin compounds. Yellow color indicates the absence of auxin
production

Figure 3.6: Production of polyamines by selected actinomycete isolates on Moeller’s
decarboxylase agar medium supplemented with L-arginine 2 days after inoculation
and incubation at 28°C ± 2°C
Note the change of phenol-red indicator from yellow to red due to the production of
polyamines
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3.10 Qualitative determination of indole-3-acetic acid and polyamines by the
non-phosphorus solubilizing actinomycetes isolates.
Out of the 22 non phosphors solubilizing actinomycetes isolates only 10
isolates (2, 11, 17, 20, 25, 35, 49, 51, 58, and 60) produced indole-3-acetic acid and
polyamines (Table 3.7). The rest of the 12 isolates failed to produce either indole-3acetic acid or polyamines.
3.11 Root colonization plate assay and rhizosphere competence assay for the
non-phosphorus solubilizing and indole-3-acetic acid and polyamines producing
actinomycetes
Out of the 10 isolates which produced indole-3-acetic acid and polyamines
(Table 3.7), six failed to colonize the roots in the root colonization plate assay 8 days
after emergence. The remaining 4 isolates colonized 95% of roots by 6 days after
radicle emergence
From the root colonization plate assay and based on their rate of colonization
only 4 isolates were selected for the rhizosphere competence assay.

Root-

colonization abilities of the 4 isolates tested showed that roots, and soil particles
attached to roots of 21-day-old tomato seedlings were colonized to different degrees
by the 4 actinomycetes isolates (Table 3.8).
Population densities also showed that the isolates were found in the
rhizosphere at all depths of the roots, but population densities were significantly
(P<0.05) greater in the first 10 cm of the root system compared to other root depths
(Tables 3.8).
The strongest isolate # 49 which colonized roots and showed higher frequency of
colonization was selected for further experiments (Table 3.8).

Table 3.7: In vitro indole-3-acetic acid (IAA) production by Streptomyces isolates, the production of putrescine polyamine and the production of
putrescine, spermidine and spermine by the non-phosphorus solubilizing and indole-3-acetic acid and polyamines producing Streptomyces spp.
Note: IAA production is tested in glucose-peptone broth (GPB) amended with or without L-tryptophan (L-TRP) after 7 days of incubation at
28°C ± 2°C. The production of putrescine polyamine as a dark red halo in mm by Streptomyces spp. in MDAM agar medium amended with
arginine after 3 days of incubation at 28 ± 2°C and the production of putrescine, spermidine and spermine by the non-phosphorus solubilizing
and indole-3-acetic acid and polyamines producing Streptomyces spp. using the HPLC technique. Putrescine, spermidine and spermine were
measured in mg L-1
Isolate
Number

IAA equivalents (µg ml-1)

Without L- With
LTRP
TRP
Isolate # 2
5.12 d
10.65 d
Isolate # 11 16.36 b
32.47 b
Isolate # 17 10.23 c
25.36 c
Isolate # 20 9.87 c
24.38 c
Isolate # 25 5.23 d
11.36 d
Isolate # 35 18.78 b
33.74 b
Isolate # 49 25.36 a
49.56 a
Isolate # 51 24.36 a
48.36 a
Isolate # 58 17.55 b
35.36 b
Isolate # 60 23.24 a
46.69 a
Values are means of four replicates and the
according to Fisher's Protected LSD Test.

Clear zones on Putrescine (Put)
MDAM agar in mm

Spermidine (Spd)

32.65 e
212.36 g
218.36 a
25.36 f
175.69 h
160.87 c
19.25 g
411.36 b
135.65 d
55.65 b
355.47 d
111.67 e
33.58 e
380.45 c
85.96 f
62.36 a
310.54 e
45.36 h
65.36 a
485.36 a
222.65 a
54.36 b
285.36 f
188.36 b
48.36 c
405.36 b
65.89 g
41.54 d
180.36 h
42.36 h
values with the same lower case letter within a column are not

Spermine (Spm)

75.36 c
55.45 d
99.36 b
35.36 e
102.36 b
21.36 f
125.36 a
11.36 g
33.24 e
105.69 b
significantly (P>0.05) different
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Table 3.8: Population densities of non-phosphorus solubilizing, indole-3-acetic acid and polyamines
producing Streptomyces spp. in the rhizosphere soil of root segments of tomato
Note: The population is in (mean log10 cfu g dry soil-1)
Distance from seed (cm)

#2

# 25

# 49

# 60

0-2

3.43 a

3.91 a

5.58 a

4.73 a

2-4

3.06 b

3.43 b

5.11 b

4.24 b

4-6

2.51 c

3.04 c

4.91 b

4.09 b

6-8

2.16 d

2.65 d

4.61 c

3.87 c

8-10

1.73 e

2.23 e

4.32 d

3.55 d

10-12

1.47 f

1.78 f

3.92 e

3.06 e

12-14

1.36 f

1.26 g

3.39 f

2.75 f

Tomato seeds coated with each actinomycete isolate were grown in non-sterile sandy soils in plastic tubes
in polystyrene boxes containing soil, in an evaporative-cooled greenhouse maintained at 27°C ± 3°C.
Seedlings were harvested three weeks after sowing. Values are means of 5 independent replicates for each
treatment and values with the same letter within a column are not significantly (P > 0.05) different
according to Fisher’s Protected LSD Test.
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3.12 Greenhouse study
The application of isolate # 6 (treatment # 1) which was able to produce
auxins and polyamines and at the same time was also able to solubilize phosphorus
significantly (P<0.05) enhanced the growth and development of tomato seedlings in
the greenhouse experiment (Table 3.9) compared to other treatments (treatments 2, 3,
and 4). In this treatment there were significant (P<0.05) increases in the dry weight
and length of roots and shoots, compared to the tomato plants treated with the isolate
# 33 (treatment 2) or isolate # 49 (treatment 3) or the control (treatment 4) (Table 3.9)
(Fig. 3.7a and 3.7b).
The application of isolate # 33 (treatment # 2) which was able only to
solubilize phosphorus significantly (P<0.05) enhanced the growth and development
of tomato seedlings in the greenhouse experiment (Table 3.9) compared to treatment
4. In this treatment there were significant (P<0.05) increases in the dry weight and
length of roots and shoots, compared to the control tomato plants (Table 3.9) (Fig.
3.7a and 3.7b).
The application of isolate # 49 (treatment # 3) which was able only to
produce auxins and polyamines significantly (P<0.05) enhanced the growth and
development of tomato seedlings in the greenhouse experiment (Table 3.9) compared
to treatment 4. In this treatment there were significant (P<0.05) increases in the dry
weight and length of roots and shoots, compared to the control tomato plants (Table
3.9) (Fig. 3.7a and 3.7b).
There were, however, no significant (P>0.05) differences between the root or
shoot growth characteristics of tomato plants grown in soils amended with isolate #
33 (treatment # 2) and isolate # 49 (treatment # 3) (Table 3.9) (Fig. 3.7a and 3.7b).
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Isolates number 6, 33 and 49 did not produce any harmful effects on tomato
growth and development.
3.13 Measurement of endogenous plant nutrients from roots and shoots
Tomato plants in soils inoculated with isolate # 6 (treatment 1) had
significantly (P < 0.05) higher levels of endogenous plant nutrients than those
plants inoculated with isolate # 33 (treatment 2) or with isolate # 49 (treatment 3) or
the control plants grown in soils not amended with any actinomycetes isolate
(treatment 4) (Tables 3.10 and 3.11).
Tomato plants in soils inoculated with isolate # 33 (treatment 2) had
significantly (P < 0.05) higher levels of endogenous plant nutrients than those
plants inoculated with isolate # 49 (treatment 3) or the control plants grown in soils
not amended with any actinomycetes isolate (treatment 4) (Tables 3.10 and 3.11).
In treatments (1, 2 and 3), the endogenous plant nutrients contents of roots
or shoots of tomato plants were higher compared to control plants (treatment 4)
(Tables 3.10 and 3.11).
3.14 Measurement of endogenous auxins from roots and shoots
Tomato plants in soils inoculated with isolate # 6 (treatment 1) had
significantly (P < 0.05) higher levels of endogenous IAA than those plants
inoculated with isolate # 33 (treatment 2) or with isolate # 49 (treatment 3) or the
control plants grown in soils not amended with any actinomycetes isolate
(treatment 4) (Tables 3.12 and 3.13).
Tomato plants in soils inoculated with isolate # 49 (treatment 3) had
significantly (P < 0.05) higher levels of endogenous IAA than those plants
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inoculated with isolate # 33 (treatment 2) or the control plants grown in soils not
amended with any actinomycetes isolate (treatment 4) (Tables 3.12 and 3.13).
In treatments (1, 2 and 3), the endogenous IAA contents of roots or shoots of
tomato plants were higher compared to control plants (treatment 4) (Tables 3.12
and 3.13).
3.15 Measurement of endogenous polyamines from roots and shoots
Tomato plants in soils inoculated with isolate # 6 (treatment 1) had
significantly (P < 0.05) higher levels of endogenous polyamines than those plants
inoculated with isolate # 33 (treatment 2) or with isolate # 49 (treatment 3) or the
control plants grown in soils not amended with any actinomycetes isolate
(treatment 4) (Tables 3.12 and 3.13).
Tomato plants in soils inoculated with isolate # 49 (treatment 3) had
significantly (P < 0.05) higher levels of endogenous polyamines than those plants
inoculated with isolate # 33 (treatment 2) or the control plants grown in soils not
amended with any actinomycetes isolate (treatment 4) (Tables 3.12 and 3.13).
In treatments (1, 2 and 3), the endogenous polyamines contents of roots or
shoots of tomato plants were higher compared to control plants (treatment 4)
(Tables 3.12 and 3.13).

Table 3.9: Effect of the application of selected actinomycete isolates on growth characteristics of tomato (Lycopersicon esculentum Mill.) plants
grown in an evaporative-cooled greenhouse maintained at 27°C ± 3°C.
Root length (cm)

Shoot length (cm) Root dry weight Shoot dry weight

*Treatments
(g)

(g)

45.17 a

83.25 a

6.33 a

65.41 a

(2) + isolate # 33 (S. pactum) 30.59 b

65.33 b

3.93 b

35.68 b

(3) + isolate # 49 (S. noursei) 32.59 b

63.65 b

4.02 b

33.54 b

18.16 c

35.14 c

2.14 c

12.39 c

(1) + isolate # 6 (S. rochei)

(4) Control

*Plants were harvested after 10 weeks. Values are means of eight replicates for each treatment (6 plants pot-1) and the values
with the same letter within a column are not significantly (P > 0.05) different according to Fisher's Protected LSD Test.
Isolate # 6 S. rochei is a phosphorus solubilizing and auxins and polyamines producing isolate. Isolate # 33 S. pactum is a
phosphorus solubilizing and not auxins and not polyamines producing isolate. Isolate # 49 S. noursei is a non-phosphorus
solubilizing and auxins and polyamines producing isolate.
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Table 3.10: Effect of the application of selected actinomycete isolates on endogenous nutrients contents of tomato (Lycopersicon esculentum
Mill.) roots grown in an evaporative-cooled greenhouse maintained at 27°C ± 3°C.
Treatments

N

P

K

S

Mg

Fe

Mn

Zn

Cu

(1) + isolate # 6 (S. rochei)

55.36 a

16.74 a

45.98 a

20.16 a

11.74 a

325.14 a

88.14 a

105.47 a

33.14 a

(2) + isolate # 33 (S. pactum) 42.31 b

10.39 b

32.26 b

13.63 b

7.36 b

270.65 b

70.47 b

86.24 b

21.68 b

(3) + isolate # 49 (S. noursei) 28.39 c

6.67 c

21.97 c

8.54 c

4.68 c

210.36 c

55.71 c

62.74 c

12.81 c

(4) Control

3.24 d

14.69 d

3.32 d

1.67 d

145.39 d

34.15 d

42.36 d

7.95 d

15.69 d

Concentrations in g kg-1 for N, P, K, S and Mg and in mg kg-1 for Fe, Mn, Zn and Cu. Values are means of eight replicates. Within columns,
values followed by the same letter are not significantly (P > 0.05) different according to Fisher’s Protected LSD Test. Plants were harvested after
10 weeks. Values are means of eight replicates for each treatment (6 plants pot-1) and the values with the same letter within a column are not
significantly (P > 0.05) different according to Fisher's Protected LSD Test. Isolate # 6 S. rochei is a phosphorus solubilizing and auxins and
polyamines producing isolate. Isolate # 33 S. pactum is a phosphorus solubilizing and not auxins and not polyamines producing isolate. Isolate #
49 S. noursei is a non-phosphorus solubilizing and auxins and polyamines producing isolate.
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Table 3.11: Effect of the application of selected actinomycete isolates on endogenous nutrients contents of tomato
Treatments

N

P

K

S

Mg

Fe

Mn

Zn

Cu

(1) + isolate # 6 (S. rochei)

76.36 a

24.36 a

53.64 a

25.36 a

14.68 a

411.1 a

108.95 a

135.74 a

55.35 a

(2) + isolate # 33 (S. pactum) 55.36 b

16.47 b

42.58 b

19.74 b

9.47 b

376.1 b

84.36 b

110.54 b

40.26 b

(3) + isolate # 49 (S. noursei) 41.36 c

11.87 c

29.83 c

11.32 c

5.67 c

297.1 c

61.36 c

86.71 c

25.71 c

(4) Control

5.69 d

19.51 d

6.19 d

2.94 d

210.36 d

46.36 d

67.61 d

11.87 d

24.69 d

Concentrations in g kg-1 for N, P, K, S and Mg and in mg kg-1 for Fe, Mn, Zn and Cu. Values are means of eight replicates. Within columns, values
followed by the same letter are not significantly (P > 0.05) different according to Fisher’s Protected LSD Test. Plants were harvested after 10 weeks.
Values are means of eight replicates for each treatment (6 plants pot-1) and the values with the same letter within a column are not significantly (P >
0.05) different according to Fisher's Protected LSD Test. Isolate # 6 S. rochei is a phosphorus solubilizing and auxins and polyamines producing
isolate. Isolate # 33 S. pactum is a phosphorus solubilizing and not auxins and not polyamines producing isolate. Isolate # 49 S. noursei is a nonphosphorus solubilizing and auxins and polyamines producing isolate.
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Table 3.12: Effect of the application of selected actinomycete isolates on the levels of endogenous indole-3-acetic acid (IAA), putrescine (Put),
spermidine (Spd), and spermine (Spm) in the roots of tomato
Treatments

IAA

Put

Spd

Spm

(1) + isolate # 6 (S. rochei)

62.45 a

94.76 a

81.36 a

52.43 a

(2) + isolate # 33 (S. pactum)

33.68 b

58.56 b

50.78 b

21.82 b

(3) + isolate # 49 (S. noursei)

48.16 c

75.85 c

65.39 c

38.14 c

(4) Control

19.23 d

42.33 d

35.74 d

11.74 d

Auxins (IAA), and polyamines (Put, Spd and Spm) are presented as g per 100 gram dry weight, mg per 100 gram dry weight, and
nmol per gram fresh weight, respectively. Values are means of eight replicates from two independent repeated experiments. Within
columns, values followed by the same letter are not significantly (P>0.05) different according to Fisher’s Protected LSD Test. Values
are means of eight replicates for each treatment (6 plants pot-1). Isolate # 6 S. rochei is a phosphorus solubilizing and auxins and
polyamines producing isolate. Isolate # 33 S. pactum is a phosphorus solubilizing and not auxins and not polyamines producing
isolate. Isolate # 49 S. noursei is a non-phosphorus solubilizing and auxins and polyamines producing isolate.
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Table 3.13: Effect of the application of selected actinomycete isolates on the levels of endogenous indole-3-acetic acid (IAA), putrescine (Put),
spermidine (Spd), and spermine (Spm) in the shoots of tomato
Treatments

IAA

Put

Spd

Spm

(1) + isolate # 6 (S. rochei)

81.34 a

125.36 a

105.36 a

82.36 a

(2) + isolate # 33 (S. pactum)

44.84 b

75.84 b

67.36 b

51.39 b

(3) + isolate # 49 (S. noursei)

65.36 c

97.47 c

84.36 c

68.36 c

(4) Control

25.47 d

61.36 d

42.68 d

35.95 d

Auxins (IAA), and polyamines (Put, Spd and Spm) are presented as g per 100 gram dry weight, mg per 100 gram dry weight, and nmol
per gram fresh weight, respectively. Values are means of eight replicates from two independent repeated experiments. Within columns,
values followed by the same letter are not significantly (P>0.05) different according to Fisher’s Protected LSD Test. Values are means of
eight replicates for each treatment (6 plants pot-1). Isolate # 6 S. rochei is a phosphorus solubilizing and auxins and polyamines
producing isolate. Isolate # 33 S. pactum is a phosphorus solubilizing and not auxins and not polyamines producing isolate. Isolate # 49 S.
noursei is a non-phosphorus solubilizing and auxins and polyamines producing isolate.
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Figure 3.7 a and 3.7b: Comparison of growth of tomato shoots (10 weeks-old)
Grown in: (1): soil infested with Streptomyces isolate # 6 (Streptomyces rochei), (2):
soil infested with Streptomyces isolate # 33 (Streptomyces pactum), (3): soil infested
with Streptomyces isolate # 49 (Streptomyces noursei), and (4): soil not infested with
any Streptomyces isolates (control).
3.16 Identification of actinomycetes genera to species level
3.16.1 Characteristics and identification of Streptomyces isolate # 6
The microscopic examination revealed that the isolate produced stable branched
substrate mycelium and well developed aerial mycelium. It produced stalked open
spiral chains of spores consisting of 1-5 turns and the spores chains belong to spirales.
Electron microscopy revealed that the isolate produced oval spores with rounded ends.
The spore surface was smooth. The spore mass was gray.
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The Streptomyces sp. isolate # 6 grew well on OMYEA and produced excellent
sporulation activities (Fig. 3.8a). Additional information on cultural, physiological and
biochemical characteristics is given in Tables 3.14-3.25. On the basis of its biological
characteristics, the isolate # 6 was identified as Streptomyces rochei.
3.16.2 Characteristics and identification of Streptomyces isolate # 33
The microscopic examination revealed that the isolate produced stable branched
substrate mycelium and well developed aerial mycelium. It produced stalked closed
spiral chains of spores consisting of 1-3 turns and the spores chains belong to spirales.
Electron microscopy revealed that the isolate produced cylindrical spores with rounded
ends. The spore surface was hairy. The spore mass was gray.
The Streptomyces sp. isolate # 33 grew well on OMYEA and produced excellent
sporulation activities (Fig.3.8b). Additional information on cultural, physiological and
biochemical characteristics is given in Tables 3.14-3.25. On the basis of its biological
characteristics, the isolate # 33 was identified as Streptomyces pactum.
3.16.3 Characteristics and identification of Streptomyces isolate # 49
The microscopic examination revealed that the isolate produced stable branched
substrate mycelium and well developed aerial mycelium. It produced stalked closed
spiral chains of spores consisting of 1-4 turns and the spores chains belong to spirales.
Electron microscopy revealed that the isolate produced rounded spores with more or
less rounded ends. The spore surface was spiny. The spore mass was brown.
The Streptomyces sp. isolate # 49 grew well on OMYEA and produced excellent
sporulation activities (Fig.3.8c). Additional information on cultural, physiological and
biochemical characteristics is given in Tables 3.14-3.25. On the basis of its biological
characteristics, the isolate # 49 was identified as Streptomyces noursei.

Table 3.14: Color of the aerial mycelium of the Streptomyces isolates on five agar media after 14 days of incubation at 28°C ± 2°C
Color of aerial mycelium on
Starch nitrate

Glycerol

Oatmeal yeast

Yeast extract malt

Hussein’s fishmeal

agar

asparagine agar

extract agar

extract agar

extract agar

S. rochei (# 6)

Dark gray

Light brown

Brownish gray

Yellowish gray

Yellowish brown

S. pactum (# 33)

Grayish-

Dark grayish green

Grayish-green

Brownish gray

Greenish gray

Brownish gray

Dark Yellow

Grayish-brown

Yellow

Actinomycetes isolates

yellowish
S. noursei (#49)

Dark brown
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Table 3.15: Color of the substrate mycelium of the Streptomyces isolates on five agar media after 14 days of incubation at 28°C ± 2°C
Color of substrate mycelium on
Actinomycetes isolates

Starch nitrate agar

Glycerol

Oatmeal yeast

Yeast extract malt

Hussein’s fishmeal

asparagine agar

extract agar

extract agar

extract agar

S. rochei (# 6)

Dark Yellow

Pale yellow

Yellow

Yellowish-brown

Dark brown

S. pactum (# 33)

Light brown

Light brown

Light brown

Light brown

Dark brown

S. noursei (#49)

Pale yellow

Yellowish-brown

Yellow

Light brown

Yellowish-brown
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Table 3.16: Color of the medium of Streptomyces isolates on five agar media after 14 days of incubation at 28°C ± 2°C
Color of the medium on
Actinomycetes isolates

S. rochei (# 6)

Starch nitrate agar

No

Glycerol

Oatmeal yeast

Yeast extract malt

Hussein’s fishmeal

asparagine agar

extract agar

extract agar

extract agar

No distinctive

Yellowish-brown

No distinctive

distinctive Dark red

pigment
S. pactum (# 33)

Light red

pigment
No

distinctive Pale yellow

pigment
S. noursei (#49)

Yellow

Pale brown

pigment
No

distinctive Dark yellow

pigment
Light red

Dark red

Dark red
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Table 3.17: Melanin pigment production by the Streptomyces spp. and sensitivity of pigment to pH
Melanin production on
Actinomycetes isolates

Peptone-yeast-iron

Tyrosine agar

Sensitivity of
Diffusible substrate pigment

agar

Diffusible pigment to pH

to pH

S. rochei (# 6)

+

-

-

-

S. pactum (# 33)

+

-

+

+

S. noursei (#49)

+

+

+

+

(+) = growth, (-) = no growth
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Table 3.18: Growth of the Streptomyces isolates on different carbon sources
Carbon source
S. rochei (# 6)
L-arabinose
+
Raffinose
Sucrose
+
D-xylose
+
Meso-inositol
+
Mannitol
Maltose
D-fructose
+
D-Glucose
+
L-rhamnose
+
D-mannose
+
Ribose
D-Lactose
Inulin
+
Salicin
Trehalose
Dextran
+
D-galactose
Cellulose
+
Cellobiose
Adonitol
+
Xylitol
+
Sodium acetate
Sodium propionate
Sodium citrate
+
Sodium malonate
+
Sodium pyruvate
(+) = growth, (-) = no growth

S. pactum (# 33)
+
+
+
+
+
+
+
+
+
+
+
+
+
+

S. noursei (#49)
+
+
+
+
+
+
+
+
+
+
+
+
-
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Table 3.19: Growth of the Streptomyces isolates on different nitrogen sources
Nitrogen sources

S. rochei (# 6)

S. pactum (# 33)

S. noursei (#49)

+

+

-

Potassium nitrate

+

+

+

L-cysteine

-

-

+

L-valine

-

-

+

L-threonine

+

-

-

L-serine

+

+

-

L-phenylalanine

_

+

-

L-asparaginine

+

+

+

L-methionine

-

-

+

L-histidine

_

-

+

L-arginine

+

-

+

L-hydroxyproline

_

+

-

DL-α-amino-n-butyric
acid

(+) = growth, (-) = no growth
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Table 3.20: Growth of the Streptomyces isolates in the presence of sodium chloride
and different inhibitors
Growth inhibitor

S. rochei (# 6)

S. pactum (# 33)

S. noursei (#49)

Sodium chloride

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

-

-

-

Phenol (0.1%)

-

-

+

Potassium tellurite

+

+

+

+

-

-

+

+

+

_

-

+

+

+

-

(0%)
Sodium chloride
(0.5%)
Sodium chloride
(5%)
Sodium chloride
(10%)
Sodium chloride
(15%)
Sodium azide
(0.01%)
Sodium azide
(0.02%)

(0.001%)
Potassium tellurite
(0.01%)
Thallous acetate
(0.001%)
Thallous acetate
(0.01%)
Crystal violet
(0.0001%)
(+) = growth, (-) = no growth
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Table 3.21: Growth of the Streptomyces isolates at different temperatures
Temperature

S. rochei (# 6)

S. pactum (# 33)

S. noursei (#49)

4 ºC

-

-

-

10 ºC

-

-

-

28 ºC

+

+

+

37 ºC

+

+

+

45 ºC

+

+

+

52 ºC

-

-

+

(+) = growth, (-) = no growth

Table 3.22: Production of enzymes by the Streptomyces isolates
Enzymes
S. rochei (# 6)
S. pactum (# 33)
Lipase
+
Keratinase
+
+
Cellulase
Pectinase
+
+
Chitinase
+
+
Nitrate reduction
Production of H2S
+
+
Coagulation of milk
+
+
Peptonization of
+
+
milk
(+) = enzyme produced, (-) = enzyme not produced

S. noursei (#49)
+
+
+
+
+
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Table 3.23: Degradation of complex compounds by the Streptomyces isolates
Complex compounds

S. rochei (# 6)

S. pactum (# 33)

S. noursei (#49)

Adenine

+

+

+

Tyrosine

+

+

+

Hypoxanthine

+

+

-

Xanthine

+

+

+

Elastin

+

-

-

Casein

+

+

+

Glycogen

-

-

-

Testosterone

-

-

-

Guanine

+

+

-

Gelatin

-

-

+

Starch

+

+

-

DNA

+

+

-

RNA

+

+

-

Aesculin

+

-

-

Arbutin

-

-

-

Tween 80

+

+

+

Allantoin

+

-

+

Urea

+

+

-

(+) = degradation of the compound, (-) = no degradation of the compound
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Table 3.24: Antimicrobial activities of the Streptomyces isolates against a range of
bacteria, yeast and moulds
Microorganisms

S. rochei (# 6)

S. pactum (# 33)

S. noursei (#49)

Escherichia coli

+

+

-

Pseudomonas fluorescens

-

-

-

Staphylococcus aureus

+

-

-

Bacillus subtilis

-

-

-

Micrococcus luteus

+

+

-

Aspergillus niger

+

+

-

Candida albicans

+

+

-

Saccharomyces cerevisiae

-

+

+

Pythium aphanidermatum

+

+

+

Aspergillus niger

+

+

+

Rhizoctoma solani

+

+

+

(+) = inhibition of growth, (-) = no inhibition of growth
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Table 3.25: Sensitivity of the Streptomyces isolates to different antibiotics
Antibiotic (µg mL-1)

S. rochei (# 6)

S. pactum (# 33)

S. noursei (#49)

Gentamicin sulphate (100)

28

15

42

Neomycin sulphate (50)

28

18

54

Streptomycin sulphate (100)

15

24

0

Rifampicin (50)

49

0

0

Cephaloridine (100)

31

51

58

26

43

12

Oleandomycin (100)

15

13

5

Penicillin G (10 i.u)

2

0

23

Vancomycin (50)

5

36

0

Dimethylchlorotetracycline
(500)
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(a)

(b)

(c)

Figure 3.8 a,b and c: Cultural characteristics of (a) Streptomyces rochei # 6, (b)
Streptomyces pactum # 33 and (c) Streptomyces noursei # 49 on oatmeal yeast
extract agar after 7 days of incubation at 28°C ± 2°C
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Chapter 4: Discussion
Soil salinity inhibits plant development and growth with adverse effects such as
nutrient imbalance, Na+ and Cl- toxicity, osmotic stress, ethylene production,
plasmolysis, production of Reactive Oxygen Species (ROS) and interference with
photosynthesis (Sairam and Tyagi, 2004). The effect of these physiological changes will
lead to an inhibition of seed germination, seedling vigor and growth, flowering and fruit
formation (Verslues et al., 2006).
Human practices can increase the salinity of soils by the addition of salts in
irrigation water.

Proper irrigation management can prevent salt accumulation by

providing adequate drainage water to leach added salts from the soil (Brinkman, 1980).
The consequences of salinity are (1) detrimental effects on plant growth and yield; (2)
damage to infrastructure (roads, bricks, corrosion of pipes and cables); (3) reduction of
water quality for users, sedimentation problems and (4) soil erosion ultimately, when
crops are too strongly affected by the amounts of salts (Glick et al., 2007). High levels
of soil salinity can be tolerated if salt-tolerant plants are grown. Sensitive crops lose
their vigor already in slightly saline soils, most crops are negatively affected by
(moderately) saline soils, and only salinity resistant crops thrive in severely saline soils
(Sairam and Tyagi, 2004).
Many calcareous soils such as those of the United Arab Emirates (UAE) are
characterized by the high content of exchangeable calcium and alkaline pH which
negatively affects the nutrients availability thus influencing soil fertility status (Satchell,
1978). When soluble forms of inorganic P fertilizers are applied to such soils, they are
rapidly converted to insoluble non-available forms. This transformation is a major
problem of phosphate fertilization in many countries (Gyaneshwar et al., 2002)
including the UAE (Satchell, 1978).
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In the current study, a rhizosphere-competent, phosphate-solubilizing isolates of
S. rochei (isolate # 6) and S. pactum (isolate # 33) were demonstrated to promote
growth of tomato plants in a calcareous saline sandy soil compared to the nonphosphate-solubilizing isolate of S. noursei (isolate # 49).
The role of phosphate-solubilizing microorganisms (PSM) in phosphate
solubilization has been attributed mainly to the their abilities to reduce the pH of the
surroundings by the production of organic acids (Louw and Webley, 1959; Kucey et al.,
1989; Kim et al., 1998; Rodriguez and Fraga, 1999; Chen et al., 2006), production of
acid and alakine phosphatases (Rodriguez and Fraga, 1999), and to H+ protonation
(Illmer and Schimmer, 1995). These organic acids can either dissolve phosphates as a
result of anion exchange or can chelate Ca, Fe or Al ions associated with the phosphates
(Gyaneshwar et al., 2002; Kuhad et al., 2004).
Various kinds of bacteria (Rodriguez and Fraga, 1999; Sharma and Prasad,
2003; Peix et al., 2004; Harris et al., 2006) including actinomycetes (Banik and Dey,
1982; Molla et al., 1984; Mba, 1994a) and fungi (Illmer et al., 1995; Whitelaw, 2000;
Abd-Alla and Omar; 2001; Wakelin et al., 2004) have been isolated and characterized
for their ability to solubilize unavailable reduced phosphorus (P) to available forms.
Such transformations increase P availability and promote plant growth (Rodriguez and
Fraga, 1999; Sharma and Prasad, 2003; Kuhad et al., 2004; Rudresh et al., 2005; Harris
et al., 2006).
In the current study, various processes of isolation, selection, characterization
and identification resulted in the choice of S. rochei (isolate # 6) and S. pactum (isolate
# 33) as the most promising among the actinomycetes screened. The success of these
outstanding rhizosphere-competent isolates was clearly associated with its ability not
only to solubilize insoluble forms of P but also its ability to promote plant growth.
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There were five tests in the present study that actinomycetes were subjected to
in relation to their abilities to solubilize P including the (1) production of clear zone on
agar medium amended with calcium-phosphate, (2) determination of the of the amount
of released P, (3) cause pH changes in broth amended with calcium-phosphate, (4)
production of acid and alkaline phosphatases, and (5) production of organic acids. It is
interesting that not all isolates that were able to solubilize P were positive to all these
five tests. This indicates that the mechanism of P solubilization among isolates could
be different. S. rochei (isolate # 6) and S. pactum (isolate # 33) were however initially
selected based on its relatively high performance in all the five tests employed.
The strong relationship between reduction in the pH of the broth amended with
PRP and the increases in the concentration of P by the isolates tested suggested that the
reduction in the pH may be a major mechanism in the solubilization of PRP by the
phosphate-solubilizing actinomycetes. In a similar in vitro test, Omar (1998) observed
a decrease in the pH of RP-amended medium inoculated with phosphate-solubilizing
fungi.
It should be also noted that, the isolates tested produced a variety of organic
acids including citric, oxalic, gluconic, malic, succinic, acetic and lactic acids. PSB
utilize organic compounds as carbon and energy source and produce a variety of organic
acids, which in turn solubilize inorganic phosphate (Kim et al., 1998; Chen et al.,
2006).
It is also reported that some PSB can be very effective in solubilizing calciumphosphate without producing organic acids (Illmer and Schinner, 1992). Illmer and
Schinner (1995) also hypothesized that the release of protons accompanying respiration
or ammonium assimilation were related to phosphate solubilization by microorganisms
that are not producing organic acids. In my study, there was also a variation in the

113

production of acid and alkaline phosphatases assayed by the different isolates. For
instance, some isolates produced the two enzymes, whilst others produced either acid or
alkaline phosphatase. de Freitas et al. (1997) reported also a variation in the production
of acid and alkaline phosphatases among different PSB.
While many of the studies on PSB have concentrated on the bulk soil, only a
few (Reyes et al., 2002; Harris et al., 2006), focuses on their potential for activity in the
rhizosphere as rhizosphere-competent organisms. Rhizosphere competence is clearly an
attribute necessary for seed inoculation of any PGPR (Benizri et al., 2001). Therefore
the selection of S. rochei (isolate # 6) and S. pactum (isolate # 33) as a rhizospherecompetent strain capable of solubilizing P through the mechanisms tested in the present
study makes it as outstanding candidates for field inoculation studies. Weller (1988)
described a good root colonizing strain as one which is able to colonize the whole root
system, and can survive during several weeks in the presence of the natural microflora.
The present experiments were conducted in natural soil and revealed that these isolates
studied were good root colonizers and showed variable levels of root colonization, with
S. rochei (isolate # 6) and S. pactum (isolate # 33) being the strongest. Ahmed and
Baker (1987) used the concept of rhizosphere competence to describe colonization of
the rhizosphere in terms of time and space. Trichoderma species that did not colonize
the rhizosphere to a depth greater than 2 cm were not classified as rhizosphere
competent (Ahmed and Baker, 1987). In the current study, the presence of S. rochei
(isolate # 6), S. pactum (isolate # 33) and S.noursei (isolate # 49) in rhizosphere soil and
roots at depths up to 12 cm is an evidence that these isolates are outstanding as a
rhizosphere- competent strains. Thomas et al. (1985) proposed that fungi possessing
high P-solubilizing capacities coupled with a high competitive saprophytic ability will
have a better chance of surviving and expressing their role in P-solubilization than those
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showing low competitive saprophytic ability. In addition, organisms isolated from
rhizosphere of plants, especially legumes have been found to be more efficient in
solubilizing phosphates than those from non-rhizosphere soils (Sperber, 1958b;
Katznelson et al., 1962; Raghu and MacRae, 1966; Baya et al., 1981; Reyes et al.,
2006). In contrast, Harris et al. (2006) reported that the ability of PSB to colonize
wheat roots in high numbers was not always necessary for a positive effect.
The results of the current study is in agreement with those of Shaharoona et al.
(2006) who also found that a bacterium (Pseudomonas fluorescens biotype G isolated
from maize rhizosphere) with strong root colonizing ability performed better in
improving maize growth under field conditions. They found that the performance of this
isolate was superior to other bacteria that showed low levels of root colonizing abilities
(P. fluorescens (Q14) and P. putida biotype A).
As seeds and roots are the main tissues that require protection from soil-borne
fungal plant pathogens, it is convenient that the antagonists introduced onto the seeds
migrate to and colonize the roots. For this reason, the importance of rhizosphere
competence has been recognized, especially after the work of Ahmad and Baker (1987)
on Trichoderma strains. In relation to actinomycetes, rhizosphere competence has been
a focus in the work of El-Tarabily et al. (2000) where M. carbonacea was used to
control S. minor. That study reported that a strain of M. carbonacea was a competent
colonizer of lettuce roots and the rhizosphere for up to 14 cm of the root system.
Experimentally, rhizosphere competence has been determined in two stages.
Initially, an indicator root colonization plate assay (Kortemaa et al., 1994) carried out in
vitro can determine whether the root exudates, acting as the sole nutrient source, could
support the growth and activity of the antagonists. Subsequently, promising isolates
from this initial assay can then be subjected to a rhizosphere competence assay using
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the non-sterile sand tube method described by Ahmad and Baker (1987) using
antibiotic-resistant mutants.

In a subsequent study, El-Tarabily (2006) found that

strains of A. philippinensis, M. chalcea and M. rosea, all competent as a root and
rhizosphere occupants in the sand-tube assay, were able to rapidly colonized 12 cm of
cucumber roots from the base of the stem 21 days after sowing the seeds, with the
densities significantly greater in the first 8 cm of the root system compared to other root
depths. Colonization frequency of the root segments and the rhizosphere soil was
greater in plants treated with A. philippinensis than with M. chalcea or M. rosea (ElTarabily, 2006).
Rhizosphere competence is clearly an attribute necessary for seed inoculation of
any plant growth promoting rhizobacteria (PGPR) (Benizri et al., 2001).

It is

noteworthy, that although rhizosphere competence has been used as a criterion for
selection of effective biocontrol agents in bacteria (Weller, 1988), streptomycete
actinomycetes (Kortemaa et al., 1994; Yuan and Crawford, 1995; Tokala et al., 2002)
and fungi (Ahmad and Baker, 1987) very few attempts have been made to screen non
streptomycete actinomycetes for rhizosphere competency (El-Tarabily et al., 2000; ElTarabily, 2006).

The application of isolate # 6 (S. rochei) or isolate # 33 (S. pactum) which were
able to solubilize phosphorus significantly (P<0.05) enhanced the growth and
development of tomato seedlings in the greenhouse experiment compared to other
treatments. In these treatment there were significant (P<0.05) increases in the dry
weight and length of roots and shoots, compared to the tomato plants treated with the
isolate # 49 (S. noursei) which was a non-phosphorus solubilizing isolate. In another
study, in Nigeria, the application of two unidentified phosphorus solubilizing
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actinomycetes isolated from earthworm cast brought a yield increase of 43% in
soybeans in soils amended with rock phosphate (Mba, 1994b). PSB have been reported
to increase plant yield of different crops grown in P deficient soils amended with rock
phosphate (de Freitas et al., 1997; Omar, 1998; Zaidi et al., 2004).
Plant growth promotion recorded in the treatment with isolate # 6 (S. rochei) or
isolate # 33 (S. pactum) is clearly related to the increase in available P in soil and the
concurrent reduction in the soil pH. This may be associated with the increase in the
availability of nutrients necessary for plant growth in soil treated with isolate # 6 (S.
rochei) or isolate # 33 (S. pactum). The applications of PSB of certain soils amended
with rock phosphate have been reported to increase the available P in the soils (Salih et
al., 1989; Gaind and Gaur, 1991).
Abdul-Wahid and Mehana (2000) reported an increase in the available soil P
and yield of wheat and faba beans in soils inoculated with phosphate-dissolving fungi
and amended with rock phosphate. In addition, the responses of soil pH to their
treatments was similar to the current findings in which there was a reduction in the soil
pH in soils amended with either SP or PRP in combination with isolate # 6 (S. rochei)
or isolate # 33 (S. pactum). This pH response in the current study is in contrast to Salih
et al. (1989) who reported an increase in yield and P uptake in sorghum after amending
calcareous soil with rock phosphate and phosphate-solubilizing fungi without any
significant changes in the soil pH.
The application of isolate # 6 (S. rochei) or isolate # 33 (S. pactum) resulted in a
significant increase in certain plant nutrient levels in the roots and shoots compared to
those grown in soil inoculated with isolate # 49 (S. noursei) which was a nonphosphorus solubilizing isolate. It is noteworthy that the levels of nutrients detected in
both roots and shoots showed the same trend of responses as overall plant growth
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promotion resulting from the same treatments.

This may also reflect that growth

promotion observed may be related to the improvement of the availability of nutrients
in the treated soil. Increases in the nutrient levels in treated plants following the
application of PSB (Datta et al., 1982; Zaidi et al., 2004), and fungi (Kucey, 1988;
Kucey and Leggett, 1989, Omar, 1998; Zaidi et al., 2004) have been reported. Piccini
and Azcon (1987) also reported that the application of PSB promoted the growth and
increased the uptake of N, P, K, Ca and Mg of alfalfa grown in a P-deficient soil
amended with RP.
The inability of the isolate # 49 (S. noursei) to promote plant growth compared
to isolate # 6 (S. rochei) or isolate # 33 (S. pactum) indicated that it is likely that
phosphate solubilization by isolate # 6 (S. rochei) or isolate # 33 (S. pactum) was
responsible for the promotion of plant growth, through the improvement of the nutrient
levels.
In the present study, the application of isolate # 49 (S. noursei) which was a
non-phosphorus solubilizing and auxins and polyamines producing isolate or isolate # 6
(S. rochei) which was a phosphorus solubilizing and auxins and polyamines producing
promoted tomato growth compared to control treatment though the production of high
levels of auxins and polyamines in their culture filtrates and this was reflected as well in
the increased endogenous level of auxins and polyamines within tomato roots and
shoots.
While soil and rhizosphere actinomycetes have been shown to promote growth
of many plant species, there are very little records in the literature on the effects of salt
tolerant actinomycetes isolates on plant growth promotion. Rhizosphere isolates of A.
missouriensis and A. utahensis, have been reported to increase root and shoot weight of
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soybean in a soil naturally infested with P. megasperma f.sp. glycinea (Filonow and
Lockwood, 1985).
Mishra et al. (1987) tested the culture filtrates of Micromonospora, Nocardia,
Rhodococcus, Streptosporangium and Oerskovia from rhizosphere for plant growth
regulatory properties and found that these isolates caused dry-weight increases in corn,
soybeans, cucumbers, tomatoes and sorghum. El-Tarabily et al. (1996b) reported that
the application of cellulase-producing M. carbonacea in the presence or absence of P.
cinnamomi, the causal agent of root rot of B. grandis, significantly increased both root
and shoot weights. The application of Streptoverticillium netropsis, Actinomadura
rubra, A. philippinensis, M. carbonacea and Streptosporangium albidum isolated from
carrot rhizosphere, in the presence or absence of P. coloratum, increased mean root
weight of carrot (El-Tarabily et al., 1997).
Enhancement of plant growth following inoculation with plant growth
promoters can result from wide varieties of direct and indirect activities (Glick, 1995).
It could be the direct action of the introduced isolates in making available soil nutrients
for plant growth or by the production of plant growth regulators (PGRs) in planta or in
the rhizosphere by the introduced microorganisms. Indirect effects are those related to
the production of metabolites, such as antibiotics which increase plant growth by
decreasing the activities of pathogens or deleterious microorganisms (Glick, 1995).
Several reports exist detailing the production of PGRs such as auxins,
gibberellins and cytokinins by actinomycetes in vitro, usually in media containing
precursors of PGRs such as L-tryptophan. Auxins have been reported to be produced
by Actinomyces spp. (Kaunat, 1969), Nocardia sp. (Brown, 1972) and Frankia sp.
(Wheeler et al., 1984). Gibberellin-like substances have been reported to be produced
by Actinomyces spp. (Panosyan et al., 1963) and a Nocardia spp. (Katznelson and Cole,
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1965; Brown, 1972).

A Clavibacter sp. has been reported to produce cytokinins

(Armstrong et al., 1976).
Streptomyces griseoluteus has also been shown to promote growth of bean
through the production of polyamines including putrescine, spermidine and spermine
(Nassar et al., 2003). Infestation of soil with S. griseoluteus resulted in a significant
increase in the levels of endogenous putrescine, spermidine and spermine, and certain
endogenous PGRs including indole-acetic acid and gibberellic acid. The involvement
of polyamines in plant growth promotion was clearly established in the study by Nassar
et al. (2003) where a polyamine non-producing mutant strain that failed to produce
polyamines did not promote plant growth. Selections of actinomycetes for growth
promotion could be facilitated by the inclusion of polyamines production as a
component of routine screens.
In the present study, the application of isolate # 49 (S. noursei) which was a
non-phosphorus solubilizing and auxins and polyamines producing isolate or isolate # 6
(S. rochei) which was a phosphorus solubilizing and auxins and polyamines producing
increased the endogenous level of auxins and polyamines within tomato roots and
shoots. This is in accordance with Fallik et al. (1989) who reported that maize roots
inoculated with IAA-producing isolate of Azospirillum brasilense have higher amounts
of both free and bound IAA as compared to non-inoculated control and the isolate also
significantly increased root surface area compared to control.

Other rhizosphere

bacteria have been reported to produce IAA in vitro and to increase the amounts of IAA
in treated plants (Prikryl et al., 1985).
In the present study, an isolate of # 49 (S. noursei) which was auxins and
polyamines producing isolate, or isolate # 6 (S. rochei) which was also auxins and
polyamines producing isolate, were capable of producing relatively high levels of
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polyamines (putrescine, spermidine and spermine) was demonstrated to promote growth
of tomato plants. These two isolates significantly increased the weights and lengths of
roots and shoots of tomato plants. Exogenous application of polyamines to several
plant species have been shown to promote seed germination (Sinska, 1988),
adventitious root formation and root growth (Jarvis et al., 1983; Geneve and Kester,
1991), initiation of lateral root formation (Wen-Quan, 1989), cell division (Walker et
al., 1985), cell elongation and differentiation (Galston and Kaur-Sawhney 1990) and
general growth promotion (Zheleva et al., 1994; Krizek et al., 1997; Rajasekaran and
Blake, 1998). They can also help to stabilize membrane and wall properties (Velikov et
al., 2000), retard chlorophyll loss and senescence (Kakkar and Nagar, 1996; Lee et al..
1997), induce early flowering and fruiting (Wada et al., 1994) and protect plants against
environmental stress (Evans and Malmberg, 1989; Mo and Pua, 2002).
The application of these two strains to soil resulted in a significant increase in
the levels of polyamines in both roots and shoots. The polyamines in the tissues
assayed could include polyamines endogenously produced by the plants, polyamines
absorbed by the roots from those produced by the inoculant in the soil, as well as a
possible contamination of the roots with the isolate.

Increases in the content of

polyamines in treated plants following the exogenous application of polyamines have
been reported (Ali and Lovatt, 1995; JiZhong et al., 2001; Xu et al., 2001).
The current study, however clearly indicated that the application of rhizosphere
competent and root colonizing isolate with the ability to produce auxins and polyamines
and to solubilize phosphorous was superior than using actinomycetes isolate with only
the ability to solubilize phosphorous or the ability to produce auxins and polyamines.
This indicates the importance of using more than one plant growth promoting
characteristics when producing soil or microbial inoculants as this synergistic effect will
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have positive effect on plant growth rather using a microbe with only single or unique
plant growth promoting character.
However, it must be noted that growth promoting factors other than those
assayed in the present study may also have had a role in the observed plant growth
promotion. For example, the potential ability of the strains to produce metabolites that
can inhibit the growth of pathogenic bacteria and fungi or to produce cytokinins and
gibberellins or to produce PGRs other than assayed in my study were not tested.
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Chapter 5: Conclusion
1- This study clearly showed the potential for the implementation of salt tolerant
phosphorus solubilizing, auxins and polyamines producing actinomycetes for the
management of soil salinity in the UAE.
2- The application of beneficial plant-growth promoting rhizosphere-competent and
phosphorus solubilizing and auxins and polyamines producing actinomycetes (isolate #
6) promoted the growth of tomato plants significantly more than the application of
either phosphorus solubilizing isolate alone (isolate # 33), or the application of auxins
and polyamines producing isolate alone (isolate # 49). This indicated the importance of
the combined synergistic effect more than the single beneficial effect in studies related
to plant growth promotion.
3- The application of beneficial plant-growth promoting rhizosphere-competent and
phosphorus solubilizing, auxins and polyamines producing actinomycetes (isolate # 6)
resulted in a significant increase in roots and shoots weight and roots and shoots length
compared to the control under saline conditions.
4- The application of beneficial plant-growth promoting rhizosphere-competent and
phosphorus solubilizing, auxins and polyamines producing actinomycete (isolate # 6)
resulted in a significant increase in the endogenous levels of micronutrients,
macronutrients, auxins and polyamines in both roots and shoots compared to the other
treatments which comprised the application of either isolate # 33 or isolate # 49.
5- The mechanisms involved in growth promotion by isolate # 6 were related to the
production of auxins and polyamines and its ability to solubilize phosphorus.
6- The application of beneficial plant-growth promoting rhizosphere-competent and
phosphorus solubilizing and not auxins nor polyamines producing actinomycete (isolate
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# 33) resulted in a significant increase in the endogenous levels of micronutrients and
macronutrients without any significant increase in the endogenous levels of auxins and
polyamines in both roots and shoots compared to the other treatments which comprised
the application of isolate # 49.
7- The application of beneficial plant-growth promoting rhizosphere-competent, nonphosphorus solubilizing, and auxins and polyamines producing actinomycete (isolate #
49) resulted in a significant increase in the endogenous levels of auxins and polyamines
and not in the endogenous levels of micronutrients and macronutrients in both roots and
shoots compared to the other treatment which comprised the application of isolate # 33.
8- Rhizosphere-competence of the growth promoting isolates was an essential criterion
for the selection of growth-promoting actinomycetes as the PGPR must be close to the
root surface in order that the plant will utilize all the necessary products secreted by the
PGPR.
8- It is expected that the current study will prompt further screenings of actinomycetes,
as potential plant growth promoters for use in nutrient impoverished saline soils such as
those found in the UAE.
9- There is a need to test these treatments, on a field scale, to determine the feasibility of
such a recommendation.
10- These results will enable the UAE local growers to produce healthy vegetables
under salt-stress conditions which are becoming very common to the UAE environment.
This will enhance the value of the produce not only for the local markets but also for
overseas export.
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Appendix
(Compostion of media)
1- Inorganic salt-starch agar (starch nitrate agar) (SNA) (Küster, 1959)
Soluble starch

10 g

Potassium nitrate

2g

Di-potassium hydrogen phosphate

1g

Magnesium sulfate

0.5 g

Sodium chloride

0.5 g

Calcium carbonate

3g

Ferrous sulfate

0.01 g

*Trace salt solution

1 mL

Cycloheximide (Sigma)

50 µg mL-1

Nystatin (Sigma)

50 µg mL-1

Distilled water

1L

Agar

20 g

*Trace salt solution (Pridham et al., 1957) composed of: 0.1 mg liter-1 of each of the
following salts: ferrous sulfate, magnesium chloride, copper sulfate and zinc sulfate.
2- Oat-meal yeast extract agar (OMYEA) (Küster, 1959)
Twenty grams of oat meal were steamed in 1 liter of distilled water for 20 min. The
steamed oats were filtered through cheese cloth, and distilled water was added to
continue the filtrate to 1 liter. Yeast extract (1 g) (Sigma) and agar (Sigma) (20 g)
were added, and the final medium pH was adjusted to 7.2.
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3- Colloidal chitin agar (Gupta et al., 1995)
Preparation of colloidal chitin (Hsu and Lockwood, 1975)
Crude chitin (from crab shells, Sigma) was washed alternately in 1 N NaOH and 1 N
HCl (Sigma) for 24 h periods each, for five times. It was then washed four times
with 95% (v/v) ethanol.
Fifteen grams of the purified white chitin was then dissolved with 100 mL of
concentrated HCl and stirred in an ice bath for 20 min. The mixture was then filtered
through glass wool, and the solution was poured into cold distilled water to
precipitate the chitin. The insoluble chitin on the glass wool was treated again with
HCl, and the process was repeated until no more precipitate was obtained when the
filtrate was added to the cold water. The colloidal chitin was allowed to settle
overnight and the supernatant was decanted. The remaining suspension was
neutralized to pH 7.0 with NaOH. The precipitated chitin was centrifuged, washed
with sterile distilled water, and stored as a paste at 4°C. The medium contained:
Colloidal chitin (Dry weight)

2g

Calcium carbonate

0.02 g

Ferrous sulfate

0.01 g

Magnesium sulfate

0.05 g

Potassium chloride

1.71 g

Di-sodium hydrogen phosphate

1.63 g

Distilled water

1L

Agar

20 g

pH

7.2
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4- Hussein's fish-meal extract agar (HFMEA) (El-Tarabily et al., 1997)
Fish-meal extract

20 g

Glucose (Sigma)

20 g

Peptone (Sigma)

5g

Sodium chloride

0.5 g

Calcium carbonate

3g

Distilled water

1L

Agar

20 g

5- Water agar (WA)
Distilled water

1L

Agar

20 g

6- Glucose peptone broth (GPB) (di Menna, 1957)
Glucose (Sigma)

10 g

Peptone (Sigma)

5g

L-Tryptophan (L-TRP) (Sigma)

5 mL of 5%

Distilled water

1L

7- Moeller’s decarboxylase agar medium (MDAM) (Arena and Manca de
Nadra, 2001)
Peptone (Sigma)

5g

Yeast extract (Sigma)

3g

Glucose (Sigma)

1g

Pyridoxal-5-phosphate (Sigma)

0.03 g

Manganese sulfate

0.03 g

Phenol red (pH dye indicator) (Sigma)

0.02 g

L-arginine-monohydrochloride (Sigma)

2.00 g
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Distilled water

1L

Agar

20 g

8- Potato dextrose yeast-extract agar (PDYA pH 7.0) (Katznelson and Bose,
1959)
PDA (Gibco, BRL, U.K.)

39 g

Yeast extract (Sigma)

5g

Distilled water

1L

9- Glucose nitrate agar (Küster, 1959)
Glucose (Sigma)

10 g

Potassium nitrate

2g

Di-potassium hydrogen phosphate

1g

Magnesium sulfate

0.5 g

Sodium chloride

0.5 g

Calcium carbonate

3.0 g

Ferrous sulfate

0.01 g

Distilled water

1L

Agar

20 g

10- Carbon utilization agar basal medium (Küster, 1959)
Potassium nitrate

2g

Di-potassium hydrogen phosphate

1g

Magnesium sulfate

0g

Sodium chloride

0g

Calcium carbonate

3g

Ferrous sulfate

0.01 g

Distilled water

1L
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Agar

20 g

11- Glycerol asparagine agar (Pridham and Lyons, 1961)
Glycerol

10 mL

L-asparagine (Sigma)

1g

Di-potassium hydrogen phosphate

1g

Magnesium sulfate

0.5 g

Sodium chloride

0.5 g

Calcium carbonate

3g

Ferrous sulfate

0.01 g

Distilled water

1L

Agar

20 g

12- Tyrosine agar (Shirling and Gottlieb, 1966)
Glycerol

15 mL

L-Tyrosine

0.5 g

L-Asparagine

1g

Di-potassium hydrogen phosphate

0.5 g

Magnesium sulfate

0.5 g

Sodium chloride

0.5 g

Ferrous sulfate

0.01 g

Distilled water

1L

Agar

20 g
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13- Peptone-yeast extract iron agar (Tresner and Danga, 1958)
Peptone (Sigma)

15 g

Protease peptone (Sigma)

5g

Ferric ammonium citrate

0.5 g

Di-potassium hydrogen phosphate

1g

Sodium thio-sulfate

0.08 g

Yeast extract (Sigma)

1g

Distilled water

1L

Agar

20 g

14- Nutrient agar
Beef extract (Sigma)

1g

Peptone (Sigma)

5g

Yeast extract (Sigma)

2g

Sodium chloride

5g

Distilled water

1L

Agar

20 g

15- Yeast extract malt-extract agar (YEMEA). (Pridham et al., 1957)
Glucose (Sigma)

4g

Yeast extract (Sigma)

4g

Malt extract (Sigma)

10 g

Distilled water

1L

Agar

20 g

16- Hutchinson medium (Hutchinson and Clayton, 1919)
Calcium nitrate

2.5 g

Di-potassium hydrogen phosphate

1g
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Calcium chloride

0.1 g

Magnesium sulfate

0.3 g

Sodium chloride

0.1 g

Ferrous sulfate

0.1 g

Distilled water

1L

Filter paper strips

2 x 10 cm

17- H2S production medium (Küster and Williams, 1964)
Beef extract (Sigma)

1g

Peptone (Sigma)

5g

Yeast extract (Sigma)

2g

Sodium chloride

5g

Potassium nitrate

2g

Distilled water

1L

18- Pectic enzymes medium (Hankin et al., 1971)
Potassium di-hydrogen phosphate

4g

Di-sodium hydrogen phosphate

6g

Pectin from citrus rind

5g

Yeast extract (Sigma)

1g

Magnesium sulfate

0.2 g

Ferrous sulfate

0.001 g

Calcium chloride

0.001 g

Di-sodium phosphate

2g

Distilled water

1L

Agar

15 g
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19- Nitrate broth (Nitrate reduction medium for nitrate reducatse enzyme)
(Gordon and Mihm, 1957)
Beef extract (Sigma)

3.0 g

Peptone (Sigma)

5g

Potassium nitrate

1g

Distilled water

1L

Reagents with bacto-nitrate broth
i- Sulfanilic acid-acetic acid
Eight grams of sulfanilic acid were dissolved in 1 L of 5 N acetic acid (1 part
chemically pure glacial acid to 2.5 parts water) and stored in brown glass bottle.
ii- Dimethyl-alpha-naphthylamine
Six mL of dimethyl-a-naphthylamine were dissolved in 1 liter of 5 N acetic acid (1
part chemically pure glacial acid to 2.5 parts distilled water) and stored in brown
glass bottle.
iii- Zinc dust (powdered zinc)
20- Nutrient broth
Beef extract (Sigma)

1g

Peptone (Sigma)

5g

Yeast extract (Sigma)

2g

Sodium chloride

5g

Distilled water

1L

21- Tryptone agar (Goodfellow et al., 1979)
Tryptone (Sigma)

20 g

Sodium chloride

5g

Distilled water

1L

170

Agar

20 g

22- Urease broth (Rustigan and Stuart, 1941)
Potassium di-hydrogen phosphate

9.1 g

Di-sodium hydrogen phosphate

9.5 g

Yeast extract (Sigma)

0.1 g

Phenol red (Sigma)

0.01 g

Distilled water

1L

Manganese chloride

7.9 mg

Zinc sulfate

1.5 mg

Distilled water

1L

Agar

20 g

23- Nitrogen utilization agar basal medium (Williams et al., 1983)
D-glucose (Sigma)

10 g

Magnesium sulfate

0.5 g

Sodium chloride

0.5g

Ferrous sulfate

0.01 g

Di-potassium hydrogen phosphate

1g

Distilled water

1L

Agar

20 g
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24- Yeast extract-dextrose broth (Waksman, 1950)
Yeast extract (Sigma)

10 g

Dextrose (Glucose) (Sigma)

10 g

Distilled water

1L

25- Starch casein broth (Küster, 1959)
Soluble starch

10 g

Potassium nitrate

2g

Di-potassium hydrogen phosphate

1g

Magnesium sulfate

0.5 g

Sodium chloride

0.5 g

Casein

2g

Ferrous sulfate

0.01 g

Distilled water

1L

Agar

20 g

26- DNase test agar (Weckman and Catlin, 1957)
Enzymatic Digest of Casein

15 g

Soy Peptone

5g

Sodium Chloride

5g

Deoxyribonucleic Acid

2g

Agar

15 g

Final pH: 7.3
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